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Evaluation of Selected Stem Taper Models for Some Broad-leaf Tree 
Species Growing in Central Sudan 
 
by  
Nedal Mohammad Alachker 
 
ABSTRACT: The main objective of this study was to evaluate the performance 
of selected taper models in describing stem profile of some hardwood tree 
species growing in Central Sudan.  
The study was divided into three parts; (1) evaluation of fitting nine stem taper 
models (representing four taper-modeling approaches) to eight tree species, 
namely, Acacia nilotica L. (Sunt), Acacia seyal var. seyal Del. (Talih), Combretum 
hartmannianum Schweinf. (Habil El Gebel), Eucalyptus camaldulensis Dehnh.  
(Ban or Kafour), Lannea fruticosa Hochst. (Leyun), Sclerocarya birrea Hochst 
(Humeid), Sterculia setigera Del. (Tartar) and Terminalia laxiflora Engl. (Darout), 
(2) validation of the three superior models for Sunt trees of different ages and 
growing on different sites, and (3) evaluation the three superior models for 
Eucalypts trees of different ages and from different origins. 
Data used in the first part of this study came from 240 trees (30 trees for each 
species) and were composed of 2400 data points.  For the second part, the data 
came from 180 trees of 16 and 24 years old representing the three sites of the 
riverine forests (gerf, maiya and kareb) and were composed of 1800 
measurements points.  The data for the third part came from 200 trees of two 
XII 
 
ages (3 and 6 years old) representing two stem origins (seedling and coppice); 
the data was composed of 2000 measurement points.  The measurements 
undertaken were the main bole height, diameter at breast height (1.3 meter) 
and the diameters at ten percent intervals of the main bole height.  The models 
were fitted by non-linear least squares regression using Gauss-Newton’s iteration 
method and residual plots were attained.  To compare the efficiency of fitting 
the models to observed data non-parametric statistics (main bias, standard error 
of estimate and mean absolute difference) and coefficient of determination 
were computed and the models were ranked using the procedure of Kozak and 
Smith (1993).  Moreover, equivalence tests were conducted to test equality of 
the predicted and observed diameters along the stem. 
In the first part, the results indicated that the variable-exponent models of Lee 
et al. (2003) and Kozak (1988) were preferred to describe the stem taper of the 
eight species; their mean bias was less than 0.3 cm and they explained >87% of 
the variation in diameters.  These models were followed by the sigmoid-form 
models of Ormerod (1973) and Biging (1984).  The polynomial taper model of 
Kozak et al. (1969) was the worst for describing the stem taper of the studied 
species.   Although the two models of Muhairwe (1994) were among the first 
ranking ones for all species, they failed to describe the stem profile at the lower 
and upper parts of the stem. 
In the second part, the models of Lee et al. (2003), Kozak (1988) and Ormerod 
(1973), which were superior to describe the stem profile of Sunt in the first 
part, were fitted to the data of Sunt trees representing each of three ages (16, 20 
and 24 years)  and to the trees growing on the gerf, maiya or kareb.  The results 
indicated that the model of Kozak was the best model to describe the stem 
XIII 
 
profile of the Sunt trees for each of the three ages and three sites.  The model 
explained high proportions of the variation in diameters along the stems (R2 
ranged between 0.89 and 0.97) and the mean bias was less than 0.2 cm.  The 
model of Lee et al was a competing model to the model of Kozak and can also 
be adopted as it is easier to compute and apply.  The model of Ormerod failed 
to describe the stem profile of Sunt; it underestimated and overestimated the 
diameters of different sections of the main tree stem.  Judging by Kozak’s 
function, the stem taper was comparable among sites but it increased with age. 
In the third part, the superior models of Lee et al. (2003), Kozak (1988) and 
Biging (1984), which were superior to describe the stem profile of Eucalypts in 
the first part, were evaluated on the data of Eucalypts trees of two ages (3 or 6 
years) and trees of two stem origins (seed or coppice).  The results indicated that 
the evaluated models were competing models.  The mean bias of the models 
was less than 0.08 cm and stem tapering was strongly correlated with DBH and 
height of the tree stems (R2 ranged between 94% and 98%).  The model of Lee 
et al. was the most superior model in describing the stem profile for Eucalypts 
trees of the two ages and from the two stem origins.  The entire stem taper of 
the older trees, based on the stem profile using the Lee et al.’s function, was 
higher than the younger trees, and it was higher in the trees originated from 
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ﻁﺭﻴﻘﺔ ﺒﺍﻻﻨﺤﺩﺍﺭ ﺍﻟﻼﺨﻁﻲ   ﺤﻠﻠﺕ ﺍﻟﺒﻴﺎﻨﺎﺕ ﺒﺎﺴﺘﻌﻤﺎل. ﻤﻥ ﺍﺭﺘﻔﺎﻉ ﺍﻟﺴﺎﻕ ﺍﻟﺭﺌﻴﺴﻲ% 01 ﻤﺴﺎﻓﺎﺕ ﺘﺒﻠﻎﺒ
ﻭﻟﻤﻘﺎﺭﻨﺔ ﻓﻌﺎﻟﻴﺔ   .ﻟﻔﺭﻭﻗﺎﺕ ﺒﻴﻥ ﺍﻟﻘﻴﻡ ﺍﻟﻤﻘﺎﺴﺔ ﻭﺍﻟﻤﻘﺩﺭﺓﺍ ﺍﺴﺘﺨﺭﺠﺕﻭ noitareti notweN-ssuaG
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ﻤﺘﻭﺴﻁ ﺍﻟﺘﺤﻴﺯ ﻭﺍﻟﺨﻁﺄ ﺍﻟﻤﻌﻴﺎﺭﻱ : ﻤﻼﺌﻤﺔ ﺍﻟﻨﻤﺎﺫﺝ ﻟﻠﺒﻴﺎﻨﺎﺕ ﺍﻟﻤﻘﺎﺴﺔ ﺍﺴﺘﻌﻤﻠﺕ ﻤﻌﺎﻴﻴﺭ ﺍﺤﺼﺎﺌﻴﺔ ﻫﻲ
ﻟﻠﺘﻘﺩﻴﺭ ﻭﻤﺘﻭﺴﻁ ﺍﻹﺨﺘﻼﻑ ﺍﻟﻤﻁﻠﻕ، ﻭﻜﺫﻟﻙ ﻤﻌﺎﻤل ﺍﻟﺘﺤﺩﻴﺩ، ﻭﺒﻌﺩﺌﺫ ﺘﻤﺕ ﻋﻤﻠﻴﺔ ﺘﺭﺘﻴﺏ ﻟﻠﻨﻤﺎﺫﺝ 
ﺤﺹ ﺍﻷﻗﻁﺎﺭ ﺍﺨﺘﺒﺎﺭ ﺍﻟﺘﺴﺎﻭﻱ ﻟﻔ ﺃﺠﺭﻱ ﺃﻴﻀﺎ(. 3991) htimS dna kazoKﺒﺎﺴﺘﻌﻤﺎل ﺍﺴﻠﻭﺏ 
 .ﺍﻟﻤﻘﺎﺴﺔ ﻭﺍﻟﻤﻘﺩﺭﺓ ﻋﻠﻰ ﺍﻤﺘﺩﺍﺩ ﺍﻟﺴﺎﻕ
ﻭ ( 3002)  .la te eeLﺍﻷﺱ ﻟﻜل ﻤﻥ  ﺃﺸﺎﺭﺕ ﺍﻟﻨﺘﺎﺌﺞ ﻓﻲ ﺍﻟﺠﺯﺀ ﺍﻷﻭل ﺇﻟﻰ ﺃﻥ ﺍﻟﻨﻤﻭﺫﺝ ﻤﺘﻐﻴﺭ
ﻸﻨﻭﺍﻉ ﺍﻟﺸﺠﺭﻴﺔ ﺍﻟﺜﻤﺎﻨﻴﺔ ﺤﻴﺙ ﻜﺎﻥ ﻟﻜﺎﻨﺎ ﺍﻷﻓﻀل ﻓﻲ ﻭﺼﻑ ﺍﺴﺘﺩﻗﺎﻕ ﺍﻟﺴﺎﻕ ( 8891)  kazoK
ﺘﻼ .  ﻤﻥ ﺍﻟﺘﺒﺎﻴﻥ ﻓﻲ ﺍﻷﻗﻁﺎﺭ% 78ﻤﻥ  ﺭﻭﺫﺠﺎﻥ ﺃﻜﺜﻤﻭﻓﺴﺭ ﺍﻟﻨ ،ﺴﻡ 3.0ﻤﺘﻭﺴﻁ ﺍﻟﺘﺤﻴﺯ ﺃﻗل ﻤﻥ 
ﻭﻗﺩ ﻜﺎﻥ  (. 4891)  gnigiBﻭﻨﻤﻭﺫﺝ ( 3791)  doremrOﻤﻥ ﻨﻤﻭﺫﺝ  ﻥ ﻜلﻫﺫﻴﻥ ﺍﻟﻨﻤﻭﺫﺠﻴ
ﺍﻷﺴﻭﺀ ﻓﻲ ﻭﺼﻑ ﺍﺴﺘﺩﻗﺎﻕ ﺍﻟﺴﺎﻕ ( 9691) .la te kazoKﺍﻟﻨﻤﻭﺫﺝ ﻤﺘﻌﺩﺩ ﺍﻟﺤﺩﻭﺩ ﺍﻟﺨﺎﺹ ﺒـ 
ﻴﻥ ﺍﻟﻨﻤﺎﺫﺝ ﺍﻷﻭﻟﻰ ﺒ ﻜﺎﻨﺎ ﻤﻥ( 4991) ewriahuMﻋﻠﻰ ﺍﻟﺭﻏﻡ ﻤﻥ ﺃﻥ ﻨﻤﻭﺫﺠﻲ .  ﻟﻸﻨﻭﺍﻉ ﺍﻟﻤﺩﺭﻭﺴﺔ
ﺸﻜل ﺍﻟﺴﺎﻕ ﻓﻲ ﻜل ﻤﻥ ﺍﻷﺠﺯﺍﺀ ﺍﻟﺴﻔﻠﻴﺔ  ﻑﻤﻌﺎﻴﻴﺭ ﺍﻷﺤﺼﺎﺌﻴﺔ ﻓﻘﺩ ﻓﺸﻼ ﻓﻲ ﻭﺼﺴﺏ ﺍﻟﺤﻓﻲ ﺍﻟﺘﺭﺘﻴﺏ 
  . ﻭﺍﻟﻌﻠﻭﻴﺔ ﻤﻨﻪ
 ﻭ( 8891)  kazoKﻭ ( 3002)  .la te eeLﻤﻼﺌﻤﺔ ﻨﻤﺎﺫﺝ ﺒ ﺍﻟﻤﻌﻨﻲﻓﻲ ﺍﻟﺠﺯﺀ ﺍﻟﺜﺎﻨﻲ ﻤﻥ ﺍﻟﺩﺭﺍﺴﺔ 
ﻕ ﺃﺸﺠﺎﺭ ﺍﻟﺴﻨﻁ، ﻋﻠﻰ ﺒﻴﺎﻨﺎﺕ ﻭﻓﻲ ﺍﻟﺠﺯﺀ ﺍﻷﻭل ﻓﻲ ﻭﺼﻑ ﺴ ﺍﻤﺘﺎﺯﺕﺍﻟﺘﻲ ﻭ، (3791)  doremrO
ﺴﻨﺔ ﻭﺒﻴﺎﻨﺎﺕ ﺃﺸﺠﺎﺭ ﻨﺎﻤﻴﺔ ﻋﻠﻰ ﻜل ﻤﻥ ﺍﻟﺠﺭﻑ ﻭﺍﻟﻤﻴﻌﺔ  42ﻭ 61ﺃﺸﺠﺎﺭ ﺍﻟﺴﻨﻁ ﻤﻥ ﻋﻤﺭﻴﻥ ﻫﻤﺎ 
ﻜﺎﻥ ﺍﻷﻓﻀل ﻓﻲ ﻭﺼﻑ ﺸﻜل ﺍﻟﺴﺎﻕ ﻟﻠﺴﻨﻁ    kazoKﻭﺍﻟﻜﺭﺏ، ﺃﺸﺎﺭﺕ ﺍﻟﻨﺘﺎﺌﺞ ﻓﻴﻪ ﺇﻟﻰ ﺃﻥ ﻨﻤﻭﺫﺝ 
ﻗﻁﺎﺭ ﻋﻠﻰ ﺍﻤﺘﺩﺍﺩ ﺍﻟﺴﺎﻕ ﻲ ﺍﻷﻓﺴﺭ ﻫﺫﺍ ﺍﻟﻨﻤﻭﺫﺝ ﻨﺴﺏ ﺍﻟﺘﺒﺎﻴﻥ ﺍﻟﻤﺭﺘﻔﻌﺔ ﻓ.  ﻓﻲ ﺍﻟﻌﻤﺭﻴﻥ ﻭﺍﻟﻤﻭﺍﻗﻊ ﺍﻟﺜﻼﺜﺔ
ﻜﻤﺎ ﻜﺎﻥ .  ﺴﻡ 2.0ﻭﻜﺎﻥ ﻤﺘﻭﺴﻁ ﺍﻟﺘﺤﻴﺯ ﺍﻗل ﻤﻥ  69.0ﻭ  98.0ﺒﻴﻥ ﻤﻌﺎﻤل ﺍﻟﺘﺤﺩﻴﺩ  ﺤﻴﺙ ﺘﺭﺍﻭﺡ
.  ﻪﻤﺎﺩﻩ ﻨﻅﺭﺍ ﻟﺴﻬﻭﻟﺔ ﻤﻌﺎﻟﺠﺘﻪ ﻭﺘﻁﺒﻴﻘﻭﻴﻤﻜﻥ ﺍﻋﺘ kazoKﻨﻤﻭﺫﺠﺎ ﻤﻨﺎﻓﺴﺎ ﻟﻨﻤﻭﺫﺝ  .la te eeLﻨﻤﻭﺫﺝ 
ﺃﻋﻠﻰ  ﻭﺃﻴﺭﺍﺕ ﺃﻗل ﻕ ﺃﺸﺠﺎﺭ ﺍﻟﺴﻨﻁ ﺤﻴﺙ ﺃﻅﻬﺭ ﺘﻘﺩﻭﻓﻲ ﻭﺼﻑ ﺸﻜل ﺴ doremrOﻭ ﻓﺸل ﻨﻤﻭﺫﺝ 
ﻓﻘﺩ ﻜﺎﻥ ﺍﺴﺘﺩﻗﺎﻕ ﺍﻟﺴﺎﻕ  kazoK ﺒﻤﻌﺎﺩﻟﺔﺒﺎﻟﻌﻤل .  ﻟﻸﻗﻁﺎﺭ ﻓﻲ ﺃﺠﺯﺍﺀ ﻤﺨﺘﻠﻔﺔ ﻤﻥ ﺍﻟﺴﺎﻕ ﺍﻟﺭﺌﻴﺴﻲ
  .ﻤﺘﺸﺎﺒﻬﺎ ﺒﻴﻥ ﺍﻟﻤﻭﺍﻗﻊ ﻭﺍﺯﺩﺍﺩ ﺒﺎﺯﺩﻴﺎﺩ ﺍﻟﻌﻤﺭ
 ﻭ( 8891)  kazoKﻭ ( 3002)  .la te eeLﺍﻟﻨﻤﺎﺫﺝ ﺍﻟﻤﺘﻔﻭﻗﺔ ﻟﻜل ﻤﻥ  ﺕﻗﻴﻴﻤﺍﻟﺜﺎﻟﺙ  ﻓﻲ ﺍﻟﺠﺯﺀ
 6ﻭ 3ﺴﺎﻕ ﻓﻲ ﺍﻟﺒﺎﻥ، ﻋﻠﻰ ﺃﺸﺠﺎﺭ ﺍﻟﺒﺎﻥ ﺫﻭﺍﺕ ﻋﻤﺭﻴﻥ ﻫﻤﺎ ، ﻓﻲ ﻭﺼﻑ ﺸﻜل ﺍﻟ(4891) gnigiB
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 ﺴﺔﺘﻨﺎﻓﻤﺃﺸﺎﺭﺕ ﺍﻟﻨﺘﺎﺌﺞ ﺃﻥ ﺍﻟﻨﻤﺎﺫﺝ ﺍﻟﺜﻼﺜﺔ ﻜﺎﻨﺕ . ﺴﻨﻭﺍﺕ ﻭﻨﺎﺸﺌﺔ ﻤﻥ ﺃﺼﻠﻴﻥ ﻫﻤﺎ ﺍﻟﺒﺫﻭﺭ ﻭﺍﻷﺨﻼﻑ
ﺴﻡ ﻭﻜﺎﻥ ﺸﻜل ﺍﻟﺴﺎﻕ ﻤﺭﺘﺒﻁ ﺒﻘﻭﺓ ﺒﻜل ﻤﻥ ﺍﻟﻘﻁﺭ ﻋﻠﻰ  80.0ﻜﺎﻥ ﻤﺘﻭﺴﻁ ﺍﻟﺘﺤﻴﺯ ﺃﻗل ﻤﻥ . ﻓﻴﻤﺎ ﺒﻴﻨﻬﺎ
 .la te eeLﻜﺎﻥ ﻨﻤﻭﺫﺝ .  89.0ﻭ  49.0ﺒﻴﻥ  2Rﻴﺙ ﺘﺭﺍﻭﺡ ﺍﺭﺘﻔﺎﻉ ﺍﻟﺼﺩﺭ ﻭﺭﺍﺘﻔﺎﻋﺎﺕ ﺍﻟﺴﻭﻕ ﺤ
ﺍﻷﻜﺜﺭ ﺘﻔﻭﻗﺎ ﻓﻲ ﻭﺼﻑ ﺸﻜل ﺍﻟﺴﺎﻕ ﻷﺸﺠﺎﺭ ﺍﻟﺒﺎﻥ ﻓﻲ ﻜل ﻤﻥ ﺍﻟﻌﻤﺭﻴﻥ ﻭﺃﺸﺠﺎﺭ ﺍﻟﺒﺎﻥ ﺍﻟﻨﺎﺸﺌﺔ ﻤﻥ ﻜل 
ﺃﻋﻠﻰ ﻓﻲ ﺍﻷﺸﺠﺎﺭ  .la te eeLﻟﺔ ﻤﻌﺎﺩﺩﻗﺎﻕ ﺍﻟﺴﺎﻕ ﺍﻟﻜﻠﻲ ﺒﺎﻻﻋﺘﻤﺎﺩ ﻋﻠﻰ ﻜﺎﻥ ﺍﺴﺘ.  ﻤﻥ ﺍﻷﺼﻠﻴﻥ
ﻠﻰ ﻓﻲ ﺍﻷﺸﺠﺎﺭ ﺍﻟﻨﺎﺸﺌﺔ ﻤﻥ ﺍﻟﺒﺫﻭﺭ ﻤﻨﻪ ﻓﻲ ﺍﻷﺸﺠﺎﺭ ﺃﻋﻜﺎﻥ  ﺍﻷﻗل ﻋﻤﺭﺍ ﻜﻤﺎﻋﻤﺭﺍ ﻤﻨﻪ ﻓﻲ  ﺍﻷﻜﺒﺭ




1.1. Introducing  
Taper has been defined as the change in stem diameter between two points 
divided by the length of the stem between these two points (Morris and 
Forslund, 1992).  Development of stem profile taper (taper function) of 
standing trees usually entails measurements of tree diameters at several heights 
up the trunk (West, 2004).  The shape of tree stems has been an object of study 
in forest science for a long time.  Many forest scientists and foresters have 
demonstrated the importance of taper functions.  According to Kozak (1988), 
Tarp-Johansen et al. (1997), Gaffrey et al. (1998), Dhôte et al. (2000) and Kublin 
(2003), taper equations can be used to provide: detailed representation of the 
shape of a particular tree, predictions of diameters at any point on the stem, 
estimates of merchantable height to any top diameter and from any stump 
height, estimates of total stem volume, merchantable volume, and estimates of 
individual log volumes.  
Many theories were proposed to explain of tree shape.  One approach is 
mechanical theory; in which the stem is assumed as a beam of uniform 
resistance to bending anchored at the base and functioning as a lever arm 
(Wilson (1984).  A horizontal force on it would exert a strain that increased 
toward the point of anchorage, and the most economical shape of this beam 
would be a uniform taper similar to a truncated cubic paraboloid.  The tree 
stem is not firmly anchored to the ground, and a quadratic paraboloid shape 
would be more consistent with the mechanical needs (Wilson, 1984).   
Two other theories of stem form relate tree bole shape to the need of the tree to 
transport water, (water conducting theory), (Larson, 1963; Kramer and 
Kozlowski, 1979), or nutrients within the tree, (nutritional theory) (Larson, 
1963).  These theories are based on ideas that deal with the movement of 
liquids through pipes.  A third theory of stem form is the hormonal theory.  It 
envisages that growth substances, originating in the crown, are distributed 
around and down the bole to control the activity of cambium.  These 
substances would reduce or enhance radial growth at the specific locations on 
the bole and thus affect bole shape (Larson, 1963; Wilson, 1984).   
The most common method used to determinate stem profile is to fit an 
analytical equation to a set of sample trees to describe diameter changes from 
the ground to the top.  Generally, it is assumed that stems are conical close to 
the top, neiloid close to the ground and paraboloid at the middle (Kozak, 1988; 
Saint André et al. 1996).  Taper equations attempt to describe taper as a 
function of tree variables such as diameter at breast height (DBH), total height, 
etc. (Kozak 1988).   
The taper models, used for description of the stem profile, can be grouped in 
the following three basic groups: the first includes the taper models describing 
the morphological curve by means of a single equation where the diameter at 
different stem heights is the dependent variable, while the diameter at breast 
height, height and other characteristics are the independent variables.  The 
second includes the taper models which are based on the percentage 
participation of volume of 15 sections in the total stem volume, which was 
made dependent on the tree form or the diameter at breast height index, height 
and form factor, and the stand mean diameter at breast height, mean height, 
and form factor.  The mid-section diameters determine the stem morphological 
curve which permits to calculate the volume of any stem portion.  The third 
group is composed of the models in which the stem profile is described on the 
basis of a certain number of diameters determined at relative stem heights. 
Separate equations are used to compute diameters at individual relative heights 
(Socha, 2002). 
Numerous taper functions of various forms have been developed over the past 
hundred years from simple taper functions (Kozak et al., 1969; Demaerschalk, 
1972; Ormerod 1973; and Hilt, 1980) to more complex segmented or variable 
exponent forms (Max and Burkhart, 1976; Demaerschalk and Kozak, 1977; 
Cao et al., 1980; Clark et al., 1991; Lee et al., 2003; Cuneo, 2009).  Relatively 
simple taper functions can effectively describe the general taper of trees; 
however, they fail to well describe the entire stem profile (Max and Burkhart 
1976; Demaerschalk and Kozak, 1977; Kozak, 1988 and Newnham, 1992).  
Some equations are better for describing the profile along the mid stem portion 
of the tree, but these equations are inadequate for describing the area near the 
butt and at the very top sections of the tree.   
1.2. Justifications 
The volume estimation is one of the basic tasks of forest inventories.  In some 
cases, the volume estimation is not enough; in the case of stands assigned for 
the final felling, the quality assessment of standing trees is necessary in order to 
estimate how much wood of the desired dimensions is in the stand.  Also, the 
estimation of the volume participation of individual wood assortments is 
necessary in stand pricing (Bruchwald and Rymer-Dudziñska 1988, 1996).  In 
forest inventories, the collected information on estimated stem volumes is not 
adequate to describe the storage (growing stock) of wood in stands, and there is 
need to know the quality of the products for various end-uses.  Shape of stem 
and size of tree affect the suitability of the stand for different end-products, 
since some end-products require a definite bole size (Stevens and Barbour, 
2000).  
Knowledge about the expected shape of the stems in the final stand can provide 
useful complementary information in making decisions about the management 
of stands.  The effects of stand condition on stem shape are of great interest to 
foresters. This is because the factors affecting patterns of growth allocation are 
not fully understood.  Information on stem form and stem taper can provide a 
useful addition to the descriptions of stem shape. 
Most existing taper systems have been developed for softwoods (Max and 
Burkhart, 1976; Cao et al., 1980; McTague and Bailey, 1987 and Fang et al., 
2000). However, few taper systems have been constructed for hardwoods 
growing in the temperate zone, e.g. yellow-poplar (Jiang et al., 2005) and for 
Eucalyptus globulus (Wang and Baker, 2005) and in Eucalyptus pilularis and 
Eucalyptus grandis (Muhairwe, 1999).  Many hardwood species grow in the 
tropical zone; it is unknown if these species have the general assumed taper 
model.  This shows the importance for stem taper studies on home-growing 
hardwood species. 
There are two reasons for the continued importance of studying stem taper. 
First, no single theory has been able to explain all the variability in tree shape. 
Second, a taper function has become a necessary and flexible tool for estimating 
total and merchantable tree volume and individual log or sectional volumes 
because market requirements have become more specific (Newnham, 1988). 

1.3. Problem Statement 
Differences in taper for different trees are a result of differences in diameter 
and height growth along the stem over time.  Factors which affect tree growth 
in height and diameter, such as species, genetic make-up of the tree, climatic 
fluctuations, site quality, tree and stand age, crown size, canopy position, 
defoliation, and stand density, affect tree stem taper (Muhairwe, 1994).  All of 
these factors affect the amount and type of photosynthetic products and the 
allocation of growth along the stem and, hence, its shape.  Allocation of growth 
is dependent on crown development.  As trees grow, competition among them 
causes the live crown to recede and more growth is allocated upwards in the 
stem, resulting in more cylindrical stems.  Thinning reduces stand density and 
promotes crown growth.  As a result, biomass tends to be allocated to the lower 
parts of the stem producing more conical stems (Valinger, 1990 and Telewski, 
1995).  Larson (1963) pointed out that most variations in stem form can be 
attributed to the size of the live crown, distribution of the live crown along the 
stem and stand density. Sjolte-Jorgensen (1967) reported that whole-stem log 
taper was greater (1.13 cm/m) at 3 spacing than that (1.04 cm/m) at 2 m 
spacing.  However, Gregoire et al. (1995) concluded that 77-year-old white 
spruce had insignificant differences in taper between 623 trees/ha and 894 
tree/ha.  
Stem shape of dominant trees compared with suppressed trees is known to be 
more conical for Norway spruce, but no regional differences of stem profile and 
yield level were found (Larson 1963).  Taper increases throughout the life of the 
tree as long as it remains in the dominant crown class but begins to decrease 
with age as the trees become dominated (Newnham 1965). 
It is expected that various tree species growing in Sudan would show different 
patterns of stem taper.  It is also envisaged that trees of the same species of 
different ages or growing in different sites such as Acacia nilotica in riverine 
forests will differ in stem taper.  It is logical to assume that stems of Eucalyptus 
camaldulensis from coppice origin will vary in shape from those originating from 
seedling. 
1.4. Objectives 
The main objective of this research work was to study the variation in stem 
tapering of some hardwood tree species growing in Sudan.  
The specific objectives were: 
1. To explore the suitability of some stem taper models for tree species 
growing in Central Sudan.  
2. To validate the suitability of stem taper models for Acacia nilotica trees of 
different ages growing on various sites. 
3. To validate the suitability of stem taper models for Eucalyptus 
camaldulensis trees of different ages and stem origin. 
 CHAPTER TWO 
LITERATURE REVIEW 
2.1. General 
A scientific model is an abstraction, usually more a hypothesis and only in 
restrictive sense, it is a simplified description of a given phenomenon (Derman 
et al., 1973).  A forest growth and yield model, therefore, is an abstraction and a 
hypothetical relationships of various important components of forest dynamics 
including reproduction, growth, mortality and associated attributes in a forest 
community (stand) that relates to the phenomenon of change.  Change in the 
context used here may represent alteration to the dimensions of one or more 
individuals in a forest, or more substantial changes in composition and 
structure of the forest over a given period of time (Minor, 1982; Vanclay, 1994).   
Growth and yield are frequently investigated and treated together, as one can 
easily derive from the other.  In forestry, growth and yield models are necessary 
not only to project changes occurring in forests and hence to facilitate forest 
management plans and decision making, but also to augment stand 
management research and evaluation (Rayner and Turner, 1990). 
Both short time planning, which is related to determination of the operational 
level of yields, and long time planning, which entails yield predictions and 
regulation, involve evaluation and selection of alternative management options 
through ecological, economic, and social criteria.  These evaluations depend on 
growth and yield models based and supported by permanent research plots and 
forest inventory taking into account the demand for forest products and forest 
growth patterns for many years.  Therefore growth and yield models have been 
an integral part of forest management, planning and conservation (Kariuki, 
2002). 
It is relatively easy to obtain detailed information and to formulate complex 
cause-effect relationships pertaining to simple systems such as plantations and 
forest stands that are even-aged or have few species.  Thus, the majority and 
most complex existing growth and yield models have been developed for very 
simple forest systems (Vanclay, 1994). 
Growth and increment have been used interchangeably by foresters.  While 
growth in a forest system may include aspects of changes in tree dimensions 
such as height, diameter, basal area, volume or weight, increment means the 
quantitative increase in size over a specified time interval (Kariuki, 2002).  In 
forestry terminology, increment may be the increase in diameter, basal area, 
height, volume, and quality or value appreciation of an individual tree during a 
given period (Minor, 1982).  However, the term growth is applied to both 
individual forest trees and to stand.  Stand growth is a dynamic and a variable 
process that encompasses the cumulative growth performances of the trees 
(Minor, 1982; Vanclay, 1994).  It is suggested that the term increment is 
suitable when describing changes in tree dimensions, while the term growth is 
more appropriate when describing changes in forest stands (Kariuki, 2002). 
2.2. History of Forest Growth and Yield Models 
The oldest approaches to yield estimation in forestry are the yield tables, which 
were first applied in Chinese “Lung Ch’uan codes” some 350 years ago.  The 
first simplistic modern form of plantation yield table was developed in 
Germany in 1787 based on normal stands and data were tabulated and 
summarized to develop a series of alignment charts to estimate the anticipated 
volume from forest stands using age and stand productivity (Vanclay, 1994).  A 
century later, the development of both mensuration methods and scientific 
investigation on growth and yield in forestry were quite well developed in 
Germany and at an advanced stage in other parts of the world (Kimmins, 1988).   
In 1880, Gray has assumed a uniform tapering tree stem and constant sectional 
area between the tree branches and horizontal plane to develop a model for 
estimating the maximum height to which a tree of a given proportion can grow.  
The ideas behind this work have been modified and used in the development of 
tree stem taper and crown projection, and spatial geometric dimensions have 
been used as inputs in some forest growth and tiled models (Valentine, 1989; 
Kohler and Huth, 1998). 
The beginning of the 20th century was marked by the development of growth 
and yield prediction on forest stands based on historical tree growth patterns 
from complete stem analysis.  In Australia, for instance, the use of stem analysis 
started with Lane-Poole in 1916 on Eucalyptus diversicolor, and Patton in 1917 
on Eucalyptus regnans to show the growth rate of individual old-growth trees 
(Rayner and Turner, 1990).  The knowledge gained from stem analysis, besides 
being used to determine changes in stem form and volume, has also been used 
to estimate and predict future changes in height, diameter, volume and hence 
the yield of forests (Dyer and Bailey, 1987). 
Stem analysis proved important in providing detailed information of past tree 
and stand growth, and its potential for use in forestry and related science made 
it very popular throughout the twentieth century, especially where tree exhibit 
annual diameter increments (Finegan et al., 1999).  Recent increases in both 
mathematical and forestry knowledge led to the refinement and improvement 
of the normal yield tables to the point where they were replaced by empirical 
density-based yield tables that offered greater flexibility and applicability in 
managed forest stands (Vanclay, 1994).  The modern yield tables are more 
complex and include not only yield, but also stand height, mean diameter, 
density, stand basal area, and current and mean annual volume increments.  
The current yield tables provide reliable estimates of potential yields of stand 
similar in character to those used in developing the table, and form a basis for 
prediction of yield from natural forests to managed stands (Vanclay, 1994).   
The use of computer power has improved alternative approaches.  In 1966, for 
example, Turner used a computer to develop a series of multiple linear 
regression equations as an accurate alternative to the stand table projection 
method for predicting the growth of irregular Blackbutt forest in New South 
Wales, Australia (Rayner and Turner, 1990).  Statistical functions such as 
Weibull distribution and parameter estimation function are now easier to work 
with and have been used to explain and describe various growth events that 
have a wide range of application in applied science including forestry.  For 
example, it was demonstrated that the natural dynamics of tree diameter 
distribution in even-aged forest stands could be characterized and depicted by 
the Weibull probability function (Bailey and Dell, 1973).  Further development 
of diameter distribution could be characterized by the use of the probability 
density function approach (Hyink, 1980). 
2.3. Classification of Growth and Yield Models  
Forest management decision-makers are in great need for reliable predictions 
regarding the ways that different silvicultural regimes affect stand development.  
Appropriate forest growth models can provide such forecasts (Pukkala et al., 
1998). Such models can be categorized in several different ways.  According to 
Verma (1999), they are classified into physiological, empirical models, whole-
stand, single-tree, and diameter distribution models.  In addition there is also 
forest management modeling systems that operate on a larger scale than the 
stand level and are used as support systems in strategic forestry planning at 
regional or company levels (Verma, 1999).   
2.3.1. Physiological Models 
Physiological (process-based) models are photosynthesis-based.   Advantages of 
such models are that they can increase our understanding of factors that 
influence growth and they can easily be adapted to take account of changes in 
the environment.  However, since growth processes are very complex and there 
is a lack of detailed knowledge about many of them, physiological models have 
not been commonly applied in forestry.  Furthermore, physiological models 
normally yield estimates of total biomass production per unit area, and foresters 
are generally more interested in stand and single tree volume yields (Landsberg, 
1986; Landsberg and Gower, 1997). 
2.3.2. Ecological Models  
Ecological (succession or gap) models are used to test ecological population 
theories.  The models may be used to simulate tree population dynamics under 
different climatic management scenarios (Lindner et al., 2000). 
2.3.3. Empirical Models 
Most silvicultural models in current use are empirical models, i.e. models 
derived by observing, recording and generalizing how forest stands react to 
different treatments.  Survey data and data from permanent sample plots may 
be used in their construction.  Growth functions are fitted to available data 
based on biological assumptions concerning the strength and direction (positive 
or negative) of variables that influence the growth of the stand.  Such models 
will often give good estimates of expected growth, as long as the predictions are 
within the scope of the data used in their construction, but they may give 
uncertain estimates for predictions outside the range of the data set.  
Furthermore, since the models are based on historical data there is a risk that 
the outcome will become increasingly uncertain if the environment changes.  
Empirical stand growth models can be categorized into three types: (1) 
individual tree models, which can be further divided into distance-dependent 
and distance-independent models, (2) diameter distribution models and (3) 
whole stand models (Verma, 1999). 
Foresters are generally interested in both stand volume growth and the way the 
volume is distributed amongst different tree sizes.  A commonly used general 
measure of tree size is the diameter at breast height (DBH).  Diameter 
distribution models and individual tree models provide direct estimates of 
future tree sizes.  For whole stand models, the future DBH distribution can be 
derived from predicted stand attributes (Verma, 1999).   
2.3.4. Hybrid Models 
Hybrid models may combine features of both empirical and process-based 
models. Mäkelä et al. (2000) hypothesized that combining empirical 
information with the flexibility and strength of process-based models would be 
advantageous, while Landsberg (2003) asserted that the future of forest 
modeling must lie in developing hybrid models that use process-based functions 
to predict productivity combined with statistical descriptions of stand structure.  
FORECAST, developed in Canada, is an ecosystem-based, stand-level forest 
growth simulator that uses a hybrid approach in which local growth and yield 
data are combined with other data to estimate the rates of ecosystem processes 
related to the productivity and resource requirements of selected species.  
Details of FORECAST calibration and its application are provided in Kimmins 
et al. (1999) and Seely et al. (1999). 
2.3.5. Deterministic and Stochastic Models 
Irrespective of the model components a model may be deterministic or 
stochastic.  Deterministic growth models provide estimates of the expected 
growth in the same way as means indicate expected outcomes.  For a given 
initial stand and a given silvicultural regime a deterministic model always 
predicts the same result.  However, any measure of the growth of forest stands 
may vary between years due to natural variations in the environment (Mäkinen 
et al., 2003; Johansson and Karlsson, 2004).  Therefore, stochastic models have 
been used to mimic the natural variation of outcomes by generating a range of 
predictions, each with a specific probability of occurrence.  By repeating the 
prediction procedure with the same input data a sufficient number of times, 
stochastic models may indicate the natural variation and the risks associated 
with a particular silvicultural regime. 
2.4. Forest Tree Growth 
Knowing how forest trees grow can help foresters predict yields, and understand 
how different trees might be affected by environment stresses.  Understanding 
growing cycles of different trees will help the forester decide when and how to 
plant thin and prune trees to increase wood production. Forest trees grow in 
both height and diameter.   Trees grow taller –and branches longer- because of 
the division of cells at the tip of branches.  By contrast, the diameter of woody 
parts of trees increases as a result of cell division in a layer located between the 
bark and wood, this layer is called the cambium (Kramer and Kozlowski, 1979).  
Tree species vary widely in their growth patterns.  They vary in crown form, 
ultimate size, longevity and branching habits, and in the growth rates of roots, 
stems and leaves.  Growth patterns differ between temperate-zone and tropical 
tree species, evergreen and deciduous tree species, and in different parts of the 
same tree (Kramer and Kozlowski, 1979). 
2.4.1. Height Growth 
Species vary in the duration of their seasonal height growth.  In species with 
fixed growth, the winter bud contains shoots which are formed late in the 
growing season of one year and then expand during the following year, and 
height growth and branch elongation occur relatively rapidly.  In species with 
free growth, some of the buds contain some shoots that are partially formed.  In 
such species, leaves preformed in the bud one year expand the next year, but 
new leaves also form and expand as a stem and branch elongations.  Height 
growth and elongation of branches usually take much longer in species with free 
growth than in species with fixed growth (Kramer and Kozlowski, 1979).  
2.4.2. Diameter Growth 
Trees grow in diameter because each year new layers of wood and inner bark are 
inserted between the previous year’s layer of wood and bark. The new layers are 
produced by the division of cells in the cambium.  These cells divide to produce 
wood (xylem) cells toward the inside of the tree and living bark cells (phloem) 
toward the outside.  The cambium produces more wood than bark. Bark cells 
eventually collapse and die and some of the old outer bark is shed. Because of 
this mode of growth, a tree’s stem consists of annual increments of wood, one 
added on top of another. People often use annual rings as a way to determine 
the age of a tree. But a tree may appear to be of different ages depending on 
where in the stem the rings are counted.  There will be fewer rings higher on 
the tree than at its base. Trees sometimes grow more on one side than another.  
The annual rings of wood in a stem cross section result from variations in 
growth rate and differences in the kind of wood produced early and late in the 
growing season (Kramer and Kozlowski, 1979). 
2.4.3. Stem Growth 
The stem is defined as the main tree axis including both the portions within 
and below the crown.  Stem shape and orientation are important components 
of the architectural diversity among trees.  They control light interception and 
mechanical stability and are thus implicated in the adaptation of tree to their 
environment (Alméras, 2004).  Stem shape is an important topic in tree 
biodynamics.  It depends on several factors related to growing habits, initially 
on the orientation of the bud on its axis, and is modified by the growth 
direction of apex during elongation and is related to both mechanical effects 
and secondary growth (Niklas, 1994). 
The effect of cambial growth on stem shape is complex.  Its first effect is to 
increase stem diameter and therefore stem rigidity and mass over time.  Stem 
shape depends not only on the amount of loading, but also on the relative 
dynamics of diameter growth and loading (Fournier et al., 1994). Secondary 
growth plays an active role in stem shape.  Maturation stresses occur at the end 
of cell differentiation in the new wood layers.  When the distribution of these 
stresses is asymmetrical over the section, then active re-orientation of the stem 
occurs (Archer, 1986). 
There are three growth increment sequences, namely, horizontal, vertical and 
oblique.  The horizontal sequence is the radial diameter increment at a given 
height.  Starting from the center of the tree, this sequence increases towards a 
maximum in the first few rings and gradually declines in successive rings 
towards the bark with increasing age (Mott et al., 1957).   
The vertical sequence consists of annual rings laid down by a cambium of 
uniform age, along the stem.  It is unsystematic variation in the mean ring 
width of a constant number of rings from the pith towards the bark along the 
stem at each stem segment from the apex downward (Mott et al., 1957).   
The oblique sequence is the longitudinal variation in an annual diameter 
increment. Starting from the tip of the tree, diameter increment increases to 
maximum near the crown base; below this point, it remains constant or 
decreases downwards along the clear bole and somewhere near the base of the 
bole it starts to increase giving a butt swell (Mott et al., 1957).  Generally, the 
pattern of tree growth for the entire life follows a sigmoid-shaped trend, such 
“S-shaped” or sigmoid shaped curves are usually called growth curves (Husch et 
al., 1982). 
2.5. Stem Taper (Profile) 
The taper of a solid body of regular outline is governed by the values of ‘k’ and 
‘b’ in the equation: y2 = kxb  where y is the radius of cross-section at a point x 
vertically below the apex; b determines the way the body tapers (i.e. its form or 
shape) and k determines the rate of taper within that form.  The terms form 
and taper as applied to tree stems are not synonymous.  In forest mensuration, 
stem form (synonymous with stem shape), is determined by the way the stem 
tapers, i.e. by the way its diameter decreases from base to tip.  Taper could 
simply be defined as the change in stem diameter between two measurement 
points divided by the length of the stem between these two points (Morris and 
Forslund, 1992).   
Stem profile or taper equation can be defined as the rate of narrowing in 
diameter along the tree stem of a given form.  Hence, taper can be characterized 
by functions or stem profile based on the measurements of diameter taken at 
successive points along the stem (Muhairwe, 1999).  Taper equations attempt to 
describe taper as a function of tree variables such as diameter at breast height 
(DBH), total height, etc. (Morris and Forslund, 1992).  Such functions are tools 
that can be used by forest managers to provide accurate and timely information 
on current growing stock (Muhairwe, 1999). 
The stem profile or taper equation is one of the most important models for 
volume estimation.  It links measurements (or estimates) of diameter at breast 
height (DBH) and tree height to estimates of diameter at a given point along 
the tree stem (bole), merchantable length, and volume. This allows forest 
managers to estimate tree volume, determine log assortments, and evaluate 
utilization standard options using several easily-measured biometric variables.  
The stem form influences the wood value since increases in stem taper increase 
losses during sawing.  Stem form also influences the stability of the tree since 
trees with increased stem taper are more resistant to wind throw (Valinger, 
1992). 
Change in the way a tree tapers occurs naturally, but it can be induced 
artificially by silvicultural or other treatments, e.g. fertilizing, pruning or 
thinning.  Any treatment which affects in some way the crown of a tree is likely 
to have an effect on the taper and form of its stem (De Gier and Kaboré, 1993).  
Competitive interactions influence diameter growth and height growth of tree 
species in different directions (Lindén, 2003).  It is difficult to establish a 
generally applicable definition of stem form of forest tree species; it varies 
greatly between individual trees.  For practical purposes, the stem form is 
commonly estimated as the relationship between height and diameter of a tree 
and, hence, it depends on the relative growth in diameter and height (Valinger, 
1992).   
2.5.1. Theories Explaining Stem Taper 
Looking at a tree as a system with only three components, root system, shoot 
system (branches and main stem) and leaves can be helpful in understanding 
how a tree functions.  The form of trees results from their design as the tallest 
and longest-lived plants (Wilson, 1984). They have refined internal anatomy for 
physical strength and to allow physiological processes to proceed efficiently. To 
try to explain the variability of tree shape (form), four theories have been put 
forward (Gary, 1956; Larson, 1963, 1965; and Assmann, 1970): nutritional, 
water conduction, mechanical, and hormonal. 
2.5.1.1. Nutritional Theory 
The nutritional theory was first proposed in 1883 by Hartig (referenced in 
Larson, 1963).  He envisioned stem growth in terms of equilibrium between 
transpiration and assimilation.  Transpiration was assumed to be the primary 
factor determining the amount of conductive tissue or earlywood in stems. 
Therefore, a large tree with high transpirational requirements would produce a 
strongly tapered stem with a high proportion of early wood to satisfy these 
requirements.   
As the crown decreases, the transpirational demands also would decrease and 
both the total amount and proportion of early wood in the growth increments, 
resulting in little or no early wood in the lower bole, and thus have less taper. 
Thinning increases crown size, which in turn, increases transpirational 
requirements and increases earlywood and taper while pruning decreases crown 
size, which in turn, decreases transpirational requirements and decreases 
earlywood and taper (Larson, 1963). 
2.5.1.2. Water Conduction Theory 
Larson (1963) held a strong quantitative and mechanistic view about water 
conduction. He considered the development of crown (i.e., the organs of 
transpiration and sunlight absorption) and roots (i.e., the organs of water 
absorption) to be related and proportional in their development (growth). Thus, 
the tree stem size was assumed to be determined by the requirement for water 
conduction. This means that cylindrical bole would be required for equilibrium 
water transport between crown and roots. This theory resets on the assumption 
that cross-sectional area growth is uniform over the branch-free bole. Butt swell 
was explained comparison to a capillary system. This theory assumed that any 
expansion in crown size resulted in increasing the root system. These changes in 
crown size resulted in a change in the stem form due an adjustment in relative 
water conduction area for the new crown size. This theory has a problem of 
biomass in root system compared to trees growing on good sites (Kramer and 
Kolowski, 1979), yet trees on good sites may have higher taper. 
2.5.1.3. Mechanistic Theory 
Stems carry equal resistance to bending stresses imposed by the wind. Gary 
(1956) and Wilson (1984), recognized two mechanical forces that influence the 
erect stem: 1) the vertical force consisting of the weight of the stem itself plus 
the additional weight of winter snow and ice, and 2) the horizontal force 
imposed upon the stem by the wind. Wind was accorded the greatest attention 
in developing the theory, since it was thought to determine the form and 
quality of growth on the stem (Karlsson, 2005). 
The weight of the stem and subtending branches contribute to stem form (i.e., 
the effect of its own weight). Based on a rule, which says that the crown size is 
related to cubic diameter (d3) (where d is the diameter at the h from the 
ground), tree form should follow static laws since the stem is a carrier of the 
crown and must resist external forces applied to it (Brack, 1999) 
Gary (1956) demonstrated that the dimensions of the main stem conform to a 
quadratic paraboloid, d2/h, where h is height along the stem above the ground, 
and d is diameter at h, rather than cubic paraboloid. A stem of this shape 
would be consistent with the mechanical requirements of the tree in regards to 
all the forces acting on the stem. Anchoring of the stem was suggested as the 
possible cause of butt swell. According to the theory, the stem carries equal 
resistance to bending, and the force of the wind responsible for the bending 
action is greatest at the center of gravity or midpoint of the crown. 
2.5.1.4. Hormonal Theory 
According to Larson (1963), the nutritional theory accounts for much of the 
variation in stem form, as well as the distribution of early wood and late wood 
in the growth rings. However, various studies have shown that plant growth 
hormones (auxins) produced in tree apical areas; activate growth when 
transported to other parts of the tree (Larson, 1963; Wilson, 1984). The 
hormonal theory bridges the gaps of other theories. The water conduction 
theory holds only for ideal stems; stem form is explained on a functional basis, 
not from the physiological aspects. This theory adequately interprets stem from 
within reasonable limits, it in no way provides a physiological explanation for 
the observed facts. However, the hormonal theory on its own cannot explain all 
the tree form and taper changes because hormones just carry out regulatory 
functions (Larson, 1963; Wilson, 1984).  
Even though none of the four theories has been able to explain all of the 
variations in stem shape satisfactorily, a shared feature is that the allocation of 
growth is dependent on crown development (Karlsson, 2005). 
2.5.2. Stem Taper (Profile) Equations  
Stem profile equations are a mathematical expression relating diameter of a tree 
bole to height above ground at any point between ground level and the tree’s 
tip.  The terms taper equation and taper function are often used 
interchangeably in scientific literature.  Use of the profile equation was 
recommended by Robertson (1993).  The model should be flexible, accurate 
and able to produce results consistent with expectation tree shape.   
The general form of a stem profile model is: 
d =Z DBH,h,HTB C  
where:  
DBH: diameter at the breast height, 
HT: total tree height, 
h: distance from the ground, and  
d: diameter at a distance h (Robertson, 1993). 
Stem profile models may be grouped into three basic groups.  They differ in the 
method of the stem profile description.  The first group includes the taper 
models describing the morphological curve by means of a single equation where 
the diameter at different stem heights is the dependent variable, while the 
diameter at breast height, height and other characteristics which may 
additionally explain the variation of the tree form, are the independent 
variables.  Methods elaborated by Kozak; Max and Burkhart; Newnham; 
Mctague and Stansfield; Stadelman, Wensel and Krumland; Ormerod; and 
Newbery and Perez belong to this group (Socha, 2002).   
The second group includes the taper models developed by Bruchwald, 
Siekierski or Dudziñska.  They are based on the percentage participation of 
volume of fifteen sections in the total stem volume, which was made dependent 
on the form or the diameter at breast height index, the tree height and form 
factor, and the stand mean diameter at breast height, mean height, and also the 
stand form factor.  The diameter in the section’s middle is computed on the 
basis of the volume percentage of a given section and total tree volume.  The 
mid-section diameter determines the stem morphological curve which permits 
to calculate the volume of any stem portion (Socha, 2002). 
The third group of taper models is composed of the models in which the stem 
profile is described on the basis of a certain number of diameters determined at 
relative stem heights.  Separate equations are used to compute diameter at 
individual relative height.  Such a method of the stem form estimation was used 
by Kilkki, Samäki and Varmol, and Böckmann (Socha, 2002).   
The five subgroups from the first group and the variables and regression 
coefficients, to all models, are defined in the following sections. 
2.5.2.1. Sigmoid form approach 
Biging (1984) claimed that the sigmoid form usually shown in tree growth can 
be used to describe the tree stem profile through an effective transformation 
and proposed a taper model for second-growth mixed conifers in northern 
California.  Equation (1) shows the formula of this model. It implies a 
constrained form of the taper equation that is forced to go through the tip of 
the tree (i.e., d = 0 when h = HT). 


















 ; (1) 
Where: 
d: the diameter outside bark (cm) at a specific height h from the ground,  
DBH: the diameter outside bark at breast height (cm),  
h: the height at a specific point on the bole (m) from the ground,  
HT: the total tree height or height to base of crown (m),  
 λ: 1- exp (-b1 / b2), and  
b1 and b2: estimated parameters. 
Equation (2) shows another expression for tapering sigmoid form proposed by 
Ormerod (1973). 
 d =DBHB HT@hHT@1.3
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Where:  
b1: an estimated parameter,  
All other variables in equation (2) are the same as those in equation (1).  This 
function has been so conditioned that d = 0 when h=HT and d = DBH when 
height = 1.3 m.  Moreover, if the fitted exponent b1 is < 1, the shape of the hole 
will be parabolic, and if is > 1, then it will be neiloidal. 
2.5.2.2. Polynomial form approach 
a- Lower order 
A polynomial taper model with a degree of 2 was proposed by Kozak et al.  
(1969) as shown as in equation (3). 

















 ; (3) 
All variables in equation (3) are as defined in equation (1).  Equation (3) also 
satisfies the constraint of the tip pass requirement. 
b- Higher order 
Bruce et al.  (1968), by using the relative height rather than the absolute height, 
derived a polynomial taper model with high orders up to 40, Equation 4, was 
presented to improve the accuracy and precision. 
  
Where:  
X: (HT - h) / (HT - 1.3), and  
All other variables are the same as those in equation (1).  Equation (4) also 
meets the tip pass requirement. 
2.5.2.3. Segmented polynomials with sub-models 
In these models, the entire bole is partitioned, and a different polynomial sub-
model is defined for each partition.  Then, these sub-models are grafted to form 
the segmented polynomial model. Max and Burkhart (1976) proposed a 2-
quadratic segmented sub-model with one joint point of two sub-models as 
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where:  
d: the diameter outside bark (cm) at a specific height h from the ground, 
DBH: the diameter outside bark at breast height (cm),  
h: the height at a specific point on the bole (m) from the ground,  
HT: the total tree height (m),  
α: a joint point of the sub-models,  
I+ (α - h / HT): a dummy variable with a value of I+ (α - h / HT) either = 1, if α 
≥ h / HT, or = 0, otherwise, and  
b1, b2, b3, and α: estimated parameters. 
Equation (5) can be extended to the case of 2 joint points of 3 sub-models as in 

































α1 and α2: two joint points of the sub-models,  
I+ (α1 - h / HT): a dummy variable with a value of I+ (α1 - h / HT) either = 1, if 
α1 ≥ h / HT, or = 0, otherwise,  
I+ (α2 - h / HT): a dummy variable with a value of I+ (α2 - h / HT) either = 1, if 
α2 ≥ h / HT, or = 0, otherwise, and  
b1, b2, b3, b4, α1, α2: estimated parameters. 
Parameters b1 and b2 in equation (6) are used to describe the profile of the tree 
top section with a condition of tip pass requirement.  Parameters b3 and b4 are 
designed to represent the middle and lower sections of the tree bole, 
respectively.  Equation (6) is also referred to as a quadratic-quadratic-quadratic 
model. Kozak (1988) noted that the advantage of the segmented sub-models 
approach is that diameters are predicted with less bias than by a single function 
representing most parts of stem; however, the associated disadvantage is the 
difficulty in estimating the parameters. 
2.5.2.4. Variable-form stem profile models 
An alternative approach to segmented sub-models is called a variable-form taper 
function, which was introduced by Kozak (1988) and Newnham (1992) to 
describe the shape of the stem with a continuous function using a continuously 
changing exponent in a single function to compensate for the form changes of 
different tree sections. The variable-exponent taper model proposed by Kozak 
(1988) has the following form (Equation 7): 
 d = b1B DBH b 2 B b3DBH BY c ; (7)  
where:  
d: the diameter outside bark (cm) at a specific height h from the ground, 
DBH: the diameter outside bark at breast height (cm),  
h: the height at a specific point on the bole (m) from the ground,  
HT; the total tree height (m),  
Y: (1 - sqrt (Z)) / (1 - sqrt (I)),  
Z: h / HT,  
I: the location of the inflection point, 
c = b4 B z2 + b5B ln Z @0.001` a+ b6B Zp




b1 – b8: parameters to be estimated. 
Equation (7) has the property that the diameter equals 0 at the top of the tree.  
In addition, d equals the estimated diameter at the inflection point and the 
function changes the direction when h / HT =I. 
Another variable-form taper function, represented in equation 8, was proposed 
by Lee et al.  (2003): 
 d = b1B DBH b2 B 1 @Z` ab3B Z
2 + b4 B Z + b5
 ; (8) 
where:  
d: the diameter outside bark (cm) at a specific height h from the ground, 
DBH: the diameter outside bark at breast height (cm), 
Z: h / HT,  
h: the height at a specific point on the bole (m) from the ground,  
HT; the total tree height (m), and 
b1 - b5: parameters to be estimated.   
The variable-exponent taper model proposed by Sharma and Zhang (2004) has 
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where:  
d: the diameter outside bark (cm) at a specific height h from the ground, 
DBH: the diameter outside bark at breast height (cm), 
Z: h / HT,  
h: the height at a specific point on the bole (m) from the ground,  
HT; the total tree height (m), and 
b1 - b4: parameters to be estimated.    
2.5.2.5. Trigonometric taper models 
Trigonometric functions have also been applied to model the bole taper due to 
the fact that trigonometric functions on the unit circle have a direct analogy to 
the relative height versus relative diameter plots shown in many taper 
equations.  A trigonometric taper function proposed by Thomas and Parresol 
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where:  
d: the diameter outside bark (cm) at a specific height h from the ground, 
DBH: the diameter outside bark at breast height (cm),  
h: the height at a specific point on the bole (m) from the ground,  
HT: the total tree height (m),  
Z: h / HT,  
c: 1.5 for the softwood, and 2.0 for the hardwood, and  
b1 - b3: estimated parameters. 
2.6. Model Selection and Evaluation  
For comparing regression models, usually with different response variables in 
forest growth models, Kozak and Kozak (2003) identified two procedures are 
based on an examination of the prediction errors or fit statistics computed from 
ordinary residuals.  The first procedure compares models on the bases of 
statistics obtained directly from models built from entire data sets while the 
second does on the bases of the validation data set which normally accounts for 
less than or half of the entire data set.  
The commonly used validation methods of data splitting and cross-validation, 
as shown by Kozak and Kozak (2003) do not provide any additional 
information on model performance compared to the statistics obtained from 
models fit to the entire data set.  Models validated with an independent data set 
prove that the data are from the same population and will perform as per se 
validation utilizing data splitting, or the data are from a different population 
entirely, in which case the models should be refit to obtain more appropriate 
parameter estimates.  
Taper models can be calibrated using non-linear regression to fit stem profile 
equations to observed data.  Although many taper models are calibrated using 
linear approximations, non-linear methods tend to provide a more realistic fit 
(better prediction and suitable residual plots) than linear transformations 
(Hung, 2002). 
Unlike linear models, very few non-linear models can be directly solved 
algebraically to define the optimum model parameters, and therefore an 
iterative approach using a set of starting parameters is required.  From this set 
of starting parameters, curves are repeatedly generated until it is no longer 
possible to reduce the summed squared distances of the points from the curve.  
Although it is uncommon, there is a possibility that the regression ‘gets stuck’ at 
a local minimum sum of squares, rather than at the true minimum.  This 
possibility is reduced by using starting parameters that are as close as possible to 
the unknown true value.  In practice this is done by either linearizing the 
equation and estimating starting parameters by linear regression, or using 
starting parameters that have been previously published or are in use in another 
jurisdiction.  It is also possible that the regression procedure is unable to find 
an optimal solution that is the curve becomes “non-convergent”.  
The non-linear curve fitting process requires the following assumptions 
(Motulsky, 1996): 
1. The model is correct. Nonlinear regression adjusts the variables in the 
equation to minimize the sum-of-squares (biological form of trees). 
2. The variability of values around the curve follows a Gaussian 
distribution. 
3. The standard deviation of the variability is the same everywhere, 
regardless of the value of X.  
4. Any imprecision in measuring X is very small compared to the variability 
in Y. 
5. The errors are independent.  
Since taper data are obtained by taking diameters at several positions along the 
same tree, observations are not independent.  Thus, the error terms are 
contemporaneously correlated (Kmenta, 1986). As a result, parametric statistical 
inferences based on t and F distribution tests would be invalid and misleading 
(Kmenta, 1986) because the variance estimator would be biased. Evaluation of 
the fitted taper models can be based on testing each model using validation data 
(an independent data set) for their overall fit and prediction ability. Fit statistics 
indicate how well the model fits the data used in its construction, whereas 
prediction statistics indicate how well the model predicts values.   
To evaluate the accuracy and precision of equations, the following statistics are 
used: mean bias (MB), percent bias (MB%), standard error of estimate (SEE), 
mean squired error (MSE), sum of squares of relative residuals (SSRR), mean of 
absolute value of the difference (MAD), and standard deviation of the 
difference (SDD). Estimated Coefficient of determination (R2), also known as 
correlation squared index (Kozak and Smith, 1993; Mayer and Butler, 1993). 






Table 2.1. Mathematical expression for the statistics.  
Statistic Formula 
Mean Bias MB = 1n
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di : actual diameter at point i with height hi on the bole,  
dihat : predicted diameter at height hi , 
d : mean of di , 
m: the number of parameters in the models, and  
n: the number of points in a specified region of relative height. 
The smaller (MB) provides greater confidence that equation is producing 
accurate results, the considered value of (MB %) should be smaller than 10%, 
R2 should be as close to 1 as possible, SEE should be small relative to mean 
(Robertson, 1993). 
The R2 indicates the degree of goodness-of-fit of the taper model to the data 
used and the standard error of estimate (SEE) indicates the spread of the 
observations around the predicted values (Spurr, 1952). It should be noted that 
SEE or  SEE and R2 will rank equations about the same if the number of 
observations is large (Kozak and Smith, 1993) and the model is not grossly in 
error.  Bias is a good measure of the accuracy of the predictive abilities of a 
model, since it reveals how well the model represents the actual observations on 
average.  If this Bias is small, it indicates that the model predicts well for an 
independent data set.  However, large negative and positive biases could cancel 
each other out; the resulting Bias value would be very small, but the underlying 
model is poor. This problem is overcome by using MAD.  Small values of MAD 
would indicate good predictive abilities for the model. 
In statistical applications, such as the comparison of two items, it s useful to 
know whether on item is equivalent to another.  Applications of the concept of 
equivalence is quite broad (Ennis and Ennis, 2010).  The equivalence test, a 
nonparametric test, can be used to test whether the observed and estimated 
diameters are equivalent or equal.  It is a process to test the quality of being the 
same in quantity or measure or value or status.  Equivalence is taken to be the 
alternative hypothesis, and the null hypothesis is nonequivalence.  Statistical 
hypothesis testing starts with a null hypothesis, and then asks if there is enough 
evidence to reject that null hypothesis (Motulsky, 1996).  
2.9. Studied Species 
2.9.1. Sterculia setigera (Del.) Tartar from Sterculiacae 
Tree up to 15 m high.  Bark grey-purple, flaking in oblong scales, which leave 
pale grey or greenish-yellow patches on falling.  Leaves suborbicular or ovate.  
Fruits grey green or brown, usually 4 together, sessile, oblong, beaked (El Amin, 
1990).  Wood white, very soft (Vogt, 1995).  It is found on hilly ground in tall 
grass or high rainfall savanna of the Blue Nile, Kassala, Darfur, Kordofan, Red 
Sea Hills and common in the Southern region (El Amin, 1990).  Its wood is 
suitable for plywood cases, concealed items in carpentry, insulation purposes 
(Vogt, 1995). 
2.9.2. Terminalia brownii (Fresen.) Darout from Combertaceae 
Tree 7-25 m high (El Amin, 1990) reported that its height is up to 23 m and its 
diameter is 70 cm.  Young bark smooth, whitish; old bark grayish longitudinally 
fissured.  Leaves spirally arranged, tufted at end of branches; broadly obovate-
elliptic.  Flowers small white-cream with strong unpleasant smelling.  Fruit 
broadly elliptic to ovate (El Amin, 1990).  Wood yellow-brown, hard and heavy.  
It is found in high rainfall savanna on loamy soil in Southern Darfur, 
Kordofan, Blue Nile, Kassala (El Amin, 1990).  Its wood provides an excellent 
building material and is used in local construction, beams and rafters, firewood 
and charcoal (Vogt, 1995).   
2.9.3. Lannea schimperi (Hochst.) Leyun from Anacardiaceae 
Trees up to 11 or 14 m in height and 40 cm in diameter.  Crown largely 
rounded or umbelliform, much branched and rather dense.  Bark pale grey to 
almost black, rough and fibrous.  Leaves imparipinnate, crowded at the ends of 
the twigs.  Flowers crowded at the ends of the twigs; yellow colored.  Fruits 
obliquely or irregularly ovoid suborbicular; brown; edible.  It is found in 
Darfur, Red sea Hills, Kordofan and Bahr El Ghazal (El Amin, 1990). 
2.9.4. Sclerocarya birrea (Hochst.) Humeid from Anacardiaceae 
Tree 10-15 m in height or up to 20 m high and 65 cm in diameter.  Crown 
rounded, much-branched, dense and with rather heavy foliage.  Bark grey to 
dark grey or sometimes blackish; rough, slightly fissured, flaking off in small 
elongated scales.  Leaves imparipinnate; densely clustered at the ends of the 
twigs.  Fruits are globose; 3-4 cm long; yellow.  Flowers terminal spikes up to 8 
cm long; erect dioecious, small red-purple flowers (El Amin, 1990; Vogt, 1995). 
Wood soft; white or dirty white, and has low strength properties (Vogt, 1995).   
The species is found throughout Sudan, especially in higher rainfall woodland 
savanna and in other areas where rainfall is over 600 mm.  Wood is frequently 
used for constructing drinking troughs, axe handles, furniture, saddles and it 
has been used locally for match manufacture and it is suitable for flooring and 
veneer (Vogt, 1995).   
2.9.5. Combretum hartmannianum (Schweinf.) Habil El Gebel from 
Combertaceae 
It is medium sized tree up to 10 m high.  its height is up to 22 m and its 
diameter is 70 cm.  Bark grey with small irregular scales.  It has opposite or 
subopposite leaves and small flowers.  C. hartmannianum is found in the tall 
grass savanna zone on clay and loamy soils, existing as solitary trees in Central 
Sudan, Southern Kordofan, Darfur, Red Sea Hills, Southern Kassala, Bahr El 
Ghazal, Upper Nile and Equatoria (El Amin, 1990).  It is used mainly for 
firewood and charcoal.  It is used locally for fence poste and the frame work of 
thatched houses.  Root and bark are used to dye fabric yellow (Sahni, 1968).   
2.9.6. Acacia seyal var.  Seyal (Del.) Talih from Mimocaceae 
Talih is a tree 3-17 m high.  Its bark is powdery, smooth or sparsely flaking, 
whitish, greenish yellow or orange red.  Leaves 1-12 cm long, pinnae 3-9 pairs; 
alternate.  Flowers axillary globular heads, pedunculate, yellow flowers.  Fruits 
are falcate, dehiscent pods.  Wood white-cream hard.  It is found on dark 
cracking clays on higher slopes of rivers and valleys on the hard clay plains of 
Central Sudan and on clay of seasonally wet depressions (El Amin, 1990).  It 
products a good fuelwood and charcoal.  The timber is used in construction but 
is susceptible to insect at tack (Vogt, 1995). 
2.9.7. Acacia nilotica (L.) Sunt from Mimocaceae 
Sunt is an extremely variable species.  Usually up to 15 m high.  Bark dark grey, 
brown or black, rough and fissured; stipules spine scent, straight, white, 1-8cm, 
pubescent.  Leaves 1-3 pinnate, 2-7 cm long; pinnae4-9 pairs, leaflets 7-30 pairs, 
flowers capitates yellow.  Fruits pods, flat, straight or falcate (El Amin1990).  
Wood hard, reddish in color (Van Wyk et al.  2000).   
It distributes in White Nile from Jebelein northwards and Western Sudan (El 
Amin1990).  It is used as firewood and for fencing posts.  The bark exudes an 
edible gum and is used medicinally according to Van Wyk et al.  (2000). 
2.9.8. Eucalyptus camaldulensis (Dehn.) Eucalypts from Myrtaceae 
Tall tree up to 30 m high.  Bark smooth, deciduous, usually white or ash-
colored.  Leaves simple alternate.  Fruits hemispherical to broadly turbinate.  
The seed capsules 0.5-1.0 cm in size, opening up into four valves when mature.  
Wood is hard, durable and resistant to termites (El Amin, 1990; Vogt, 1995).   
It is native of Australia grown in forest plantations in Darfur, Blue Nile and as 
shelterbelts in Khartoum Green Belt (El Amin, 1990).  It is used in 






STEM TAPER MODELLING OF EIGHT TREE SPECIES IN 
CENTRAL SUDAN 
 
3.1 Introduction  
Taper has been defined as the change in stem diameter between two 
measurement points of the stem (Morris and Forslund, 1992).  It refers to the 
rate of decrease in diameter with increasing height up the stem (Muhairwe, 
1999; Newnham, 1992). It can be characterized by functions of stem profile, 
based on the measurements of diameter taken at successive points along the 
stem (Muhairwe, 1999) and using DBH and height as independent variables 
(e.g., Kozak et al., 1969; Ormerod, 1973; Kozak, 1988; Newnham, 1992).  
Hence, stem taper depends on the relative growth in diameter and height 
(Valinger et al., 1993).  
Tree growth is influenced by the genetics capabilities of the species concerned, 
interacting with the environment in which it is growing (Spurr, 1952; Duryea 
and Malavasi, 1993).  The total tree growth in wood and bark consists of 
longitudinal and radial growth of the stem.  Longitudinal growth results when 
the stem is elongated by forming new tissues at their tips (height increment), 
and radial growth is brought about by divisions of the cambia producing new 
cells that make diameter increment. Height increment is influenced by a 
number of factors, including species type and whether the species is light 
demanding or shade tolerant (Assmann, 1970).  It is well recognized that the 
radial growth in trees is influenced by many factors, including species type, 
climatic fluctuations, site, stand conditions, and defoliation (Larson, 1963). 
Trees of different species may have different forms and taper.  Some tree species 
have less taper and more cylindrical boles even when they are notably 
dominants and co-dominants (Larson, 1963).  For example, butt swell in 
conifers occurs over a period of time when the diameter increment at any point 
near the base of the tree is greater than diameter increment at any another 
point above it.  Lodgepole pine is noted for its minimal taper among the 
conifers (Koch, 1987).  It develops less butt swell that takes longer to develop 
than in the spruces (Clyde, 1986).  Also, Red alder (Alnus rubra) trees growing in 
the forest develop a slightly tapered trunk (Bluhm et al., 2007).  Thus, more 
shade tolerant, longer crowned species such as the spruces, will have a more 
pronounced butt swell and taper (Larson, 1963; Clyde, 1986).   
Trees of the same species growing under identical conditions are believed to 
have the same stem form and taper at equal relative tree heights, but forms and 
taper will differ at different absolute tree heights (Larson, 1963).  However, 
differences in form of trees in a single stand of the same species could be found 
(Gary, 1956; Larson, 1963; Byrne and Reed, 1985). 
The stem profile or taper equations are important tools that can be used by 
forest managers to provide accurate and timely information on current growing 
stock (Muhairwe, 1999). They also provide better comprehension of 
competition and conditions of tree growth and tree stability since trees with 
increased stem taper are more resistant to wind throw.  These equations are one 
of the most important models for volume and biomass estimation (Valinger et 
al., 1993). Taper functions link measurements or estimates of diameter at breast 
height (DBH) and tree height to estimates of diameter at a given point along 
the tree stem, merchantable length and volume.  This allows forest managers to 
better estimate the kinds and quantities of various tree products, determine log 
assortments and evaluate utilization standard options using several easily-
measured biometric variables (Valinger et al., 1993). Taper equations are also 
routinely incorporated in individual-tree growth models (Arney, 1985; Vanclay, 
1994).  The stem form influences the wood value since increases in stem taper 
increase losses during sawing.   
The objective of this study was to calibrate various stem taper models for eight 
commercially important tree species growing in Central Sudan.  
3.2 Materials and Methods 
3.2.1 Materials 
The tree taper data were collected during April 2008 for six naturally-growing 
tree species in El Nour Forest Reserve.  The species were Acacia seyal var. seyal  
Del.(Talih), Combretum hartmannianum Schweinf. (Habil El Gebel), Lannea 
fruticosa Hochst (Leyun), Sclerocarya birrea Hochst (Humeid), Sterculia setigera 
Del. (Tartar) and Terminalia laxiflora Engl. (Darout).  El Nour Forest Reserve is 
located between latitudes 11˚ 48’ and 11˚ 49 N and longitudes (34˚ 28 
and 34˚ 29 E, about 7 km southeast of Ed-Damazine.  The forest has been 
reserved in 15/6/1959 with gazette number 934.  The total area of the forest is 
about 467.35 hectare.  Taper data were also collected from two species grown 
artificially, namely, Acacia nilotica L. (Sunt) and Eucalyptus camaldulensis Dehnh. 
(Ban or Kafur).  Sample trees of Acacia nilotica were growing in Compartment 6 
(24 years old), at Lembwa Forest, which is located on the western bank of the 
Blue Nile, between latitudes 12˚ 51 -12˚ 52 N and longitudes 34˚ 01 and 
34˚ 02 E with a total area of 337.6 hectares, and in Compartment 1 (24 years 
old) at Wadbehija Forest, which is located on the eastern bank of the Blue Nile 
between latitudes 12˚ 47 and 12˚ 48 N and longitudes 33˚ 16 and 33˚ 
51 E with a total area of 130 hectares.  Eucalyptus camaldulensis (Kenana race) 
trees were growing at a spacing of 2×3 m in Kenana Forest Plantation.  The 
trees were three or six year old and representing seedling and coppice stem 
origins.  
3.2.2 Data collection 
Thirty trees for each species were taken for measurements.  In all species, except 
Eucalypts, for each tree, the above-ground height to base of crown (m) was 
measured to the nearest centimeter; diameter (cm) at breast height (1.3 meter) 
and the diameters (cm) at ten percent intervals of the main bole height were 
measured to the nearest millimeter starting from the stump height (0.3 meter 
from the ground).  In Eucalypts trees, the total tree height (m), diameter (cm) at 
breast height and the diameters (cm) at ten percent intervals of the total stem 
height were measured starting from the stump height at the same levels of 
precision as above.  In El Nour Forest, the measurements were taken on the 
standing trees using a ladder to reach the upper parts of the stems.  The 
measurements on sunt and eucalypts were done after felling the trees using a 
chain saw.  The data used in taper function fitting and testing consisted of 240 
trees composed of 2400 data points.  Summary statistics of the eight tree species 
are given in Table 3.1. 
3.2.3 Taper models 
The taper models used in the study were two sigmoid models by Biging (1984) 
and Ormerod (1973); a segmented-polynomial model by Kozak et al. (1969); five 
variable-exponent models by Kozak (1988), Lee et al. (2003) and Sharma and 
Zhang (2004) plus two models by Muhairwe (1994); and a trigonometric model 
by Thomas and Parresol (1991).  The associated mathematical expressions of 
formulation for each model were presented in Table 3.2. 
 
Table 3.1.  Tree summary statistics of the eight species  
Species Variable Mean Std Minimum Maximum 
Darout DBH (cm) 42.8 5.6 34 55 
Height (m) 3.5 0.5 2.7 4.8 
Eucalypts 
DBH (cm) 7.5 2.1 4.5 12.3 
Height (m) 8.1 1.9 5.5 13.5 
Habil 
DBH (cm) 36.6 6.4 23 51 
Height (m) 3.8 0.7 2.8 5.2 
Humeid 
DBH (cm) 21.6 3.3 15.5 29 
Height (m) 3.3 0.7 2.2 4.7 
Leyun 
DBH (cm) 27.9 5.2 21 44.5 
Height (m) 3.0 0.7 2 4.8 
Sunt 
DBH (cm) 35.5 9.8 19 57 
Height (m) 7.3 2.7 2.8 13.8 
Talih 
DBH (cm) 18.4 2.8 14 25 
Height (m) 2.8 0.6 2 4.4 
Tartar 
DBH (cm) 49.8 10.7 32.5 72 
Height (m) 3.7 0.4 2.9 4.9 
 
 
The taper models were fitted using non-linear least squares.  The NLIN 
procedure of SAS with the Gauss-Newton’s iteration method (SAS. 2002) was 
used to fit taper models.  After fitting each of the models, the diameter 
predicted values and residuals were acquired. 
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d: the diameter outside bark (cm) at a specific height h from the ground, 
DBH: the diameter outside bark at breast height (cm),  
h: the height at a specific point on the bole (m) from the ground,  
HT: the total tree height (m),  
Z = hHT
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k ,  
c: 1.5 for the softwood, and 2.0 for the hardwood, and  
b1 - b8 : estimated parameters. 
I: the location of the inflection point taken as 0.25 (Kozak 1988), Perez et al. 
(1990) showed that the inflection point has very little effect on the predictive 
ability of the model. 
 
3.2.4. Taper Models Comparison 
To compare the efficiency of fitting the models to observed data, the following 
statistics were computed: main bias, standard error of estimate, mean squared 
error, mean absolute deviation and coefficient of determination. The formulas 
of these statistics were presented in Table 3.3. 
  
Table 3.2: Mathematical expressions of formulation of statistics 
Statistic  Formulation  
Main Bias (MB) MB = 1n
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Coefficient of Determination (R2) R 2 =
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 The best model was assigned a rank of one, while the poorest model was 
assigned a rank of nine. The ranking values were summed to give a single value 
for overall model ranking. 
The rank procedure, similar to that used by Kozak and Smith (1993), was 
adopted to compare the performance of the nine models with reference to each 
of the four statistics.  For each species, models were ranked based on their 
statistics; the model with the smallest MB/SEE/MAD (in absolute terms) was 
assigned a rank of 1, and the model with the largest MB/SEE/MAD was 
assigned a rank of 9.  The model with the biggest R2 was assigned a rank of 1, 
and the model with smallest R2 was assigned a rank of 9 (the same values took 
the same ranks). Ranks for MB, SEE, MAD and R2 were combined, and ranks 
were summed to determine the most appropriate model for each species, the 
ranks were put within parentheses. 
Moreover, residual plots were attained to compare the accuracy and precision of 
the models.  Also, equivalence tests were conducted to test equality of the 
predicted and observed diameters along the stem using R package Version 2.3.0 
(Venables and Smithand, 2006). 
  
3.3. Results  
The results of the computed statistics (MB, SEE, MSE, MAD and R2) and ranks 
of the models on the fit data for estimating diameter (d) are given for the eight 
species in Tables 3.4 – 3.11.  The estimated coefficients of the nine models for 
eight species were shown in the Appendix C (Table C.1-C.8).   The results of 
equivalence test were presented in Figures 3.1–3.8 and the residuals were 
presented in Appendix B, Figures B.1-B.8.  
3.3.1. Darout 
For Darout, the sum of ranks for models show that the models of Lee et al. and 
Muhairwe (Flooded Gum) ranked first overall other models (Table 3.4). Each of 
the two models attained the highest coefficient of determination (R2), and 
explained 96% of the variation in diameters along the tree stem.   
The models of Kozak and Muhairwe (Blackbutt) were in the third rank.  The 
model of Kozak et al. ranked the last and it explained the least amount of 
variation in diameters (R2=0.29) compared to the other models.  
The model of Lee et al. had the smallest value of MB, which provides greater 
confidence that the equation is producing accurate results.  It had the biggest 
value of MAD indicating that the predictive ability of the model is lower than 
the other models.  The two Muhairwe’s models had small values of MB with 
small values of MAD, and the Kozak's model had a small value of MB and the 
smallest value of MAD, while the model of Kozak et al. had the biggest value of 
MB.  
The plotting of observed with estimated diameters of Darout and results of the 
equivalence test were presented in Figure 3.1 for the nine models.  This test 
shows that the two models of Muhairwe had the best results where the grey 
vertical bar was within the shaded polygon (test of bias) and the black vertical 
bar was within the angle described by the two dashed line (best fit of the data).  
The models of Ormerod, Kozak, Biging and Lee et al. had good results in bias 
test and data fitting.  The models of Kozak et al., Sharma and Zhang, and 
Thomas and Parresol had the worst performance and they failed in the 
equivalence test (data fitting and the bias test). 
Although the two models of Muhairwe had good performance in statistics and 
equivalence test, they underestimate diameters at the upper and lower values; 
this result is confirmed by the residuals graphical analyses (Appendix 2).  So, 
the most suitable models to estimates diameters for Darout were the models of 
Lee et al. and Kozak. 
3.3.2. Eucalypts 
Table 3.5 shows the statistics of all models for Eucalypts data. It is found that 
the model of Lee et al. ranked the first with a large coefficient of determination 
(R2=0.96), and the models of Kozak, Muhairwe and Biging ranked second, third 
and fourth with R2 equal to 0.96, 0.91 and 0.95, respectively.  The model of 
Thomas and Parresol had the last rank with the smallest R2 (0.84).  All models 
had small values of MB; however, the smallest one was that of the two 
Muhariwe's models, and the biggest was that of the Biging's and Thomas and 
Parresol's models.  The mean absolute differences (MAD) also were small for all 
models, with the smallest for Ormerod's model and the biggest for Lee et al.'s 
model among other models.  
Figure 3.2 shows the results of equivalence test of Eucalypts data.  These results 
refer that all models had a good bias test (a small grey vertical bar within a 
shaded polygon) and goodness in data fitting (black vertical bar within the two 
dashed lines), except the model of Sharma and Zhang where the black vertical 
bar was out the angle descried by the two dashed lines. 
The predictions in the model of Kozak were low (the black vertical bar was low, 
indicating that the model slightly overestimated the lower observations).  The 
two models of Muhairwe underestimated the upper diameters of the stem and 
this is clear in the residuals plots (Appendix B).  The best performance models, 
based on their statistics, equivalence and residual plots were the models of Lee 
et al., Kozak and Biging to use for eucalypts. 
  





















































































































 Figure 3.1.  Results of the equivalence test of the models for Darout. 
  





















































































































 Figure 3.2: Results of the equivalence test of the nine models for Eucalypts. 
3.3.3. Habil 
The presented results of the statistics and ranks for all models for the data of 
Habil (Table 3.6) show that the two models of Muhairwe ranked first (with the 
same rank) overall the other models and had large coefficients of determination 
(0.92 and 0.93). The model of Lee et al. ranked third and that of Kozak ranked 
fourth with the biggest R2 (0.96), and the model of Kozak et al. ranked the last 
with the smallest (R2=0.52).   
The highest MB value, compared to other models, was 2.2 cm for the model of 
Kozak et al., while the model of Sharma and Zhang had the smallest value (0.06 
cm).  The two models of Muhariwe and Lee et al. had small MB values (0.16, 
0.16 and 0.17 cm, respectively).With respect to mean absolute differences, the 
models of Oremrod and Kozak et al. had best ability of prediction with the 
smallest MAD (0.006 and 0.009). The biggest MAD (0.15), compared to other 
models was found for the Sharma and Zhang. 
The results of the equivalence test (Figure 3.3) show that the two models of 
Muhairwe had the second best performance in bias test and the best fitting 
data, however they showed a small under estimation in the most upper and 
lower diameters.  Also the models of Lee et al. and Kozak had good results for 
the bias test and fitting data. 
The model with the worst performance was that of Kozak et al., where the 
vertical grey bar was not within the grey polygon and black vertical bar was not 
within the two dashed lines indicating a poor model fitting.  Similar results 
were found for the model of Sharma and Zhang.  Although the black vertical 
bar of the model of Kozak was within the two dashed lines, it was low indicating 
that the prediction by the model is low.  Under estimations in the most upper 
and lower diameters occurred when using the two models of Muhairwe; this is, 
confirmed by residuals graphing (Appendix B).   The best model, when the 
species is Habil, was the model of Lee et al. followed by that of Kozak.  
3.3.4. Humeid 
The statistics for the data of Humeid with their ranks are presented in Table 3.7  
The results show that the model of Lee et al. ranked the third overall other 
models though it did not have the biggest R2 (0.93).  The first and second ranks 
were for the two models of Muhairwe, which had the biggest R2 (0.99).  The 
model of Kozak and the model of Biging had the next ranks with R2 equal to 
0.95 and 0.91, respectively. The model of Kozak et al. had the last rank overall 
other models with the smallest R2 (0.55).  The mean bias values (MB) were 
small in the models of the two Muhairwe and Lee et al. (MB=0.005, 0.004 and 
0.004 cm, respectively), but the Lee et al. model had the biggest MAD (0.74) 
compared to other models.  Kozak's and Biging's models had small MB and 
MAD values indicating good prediction abilities.  
The equivalence test for estimated and observed diameters was presented in 
Figure 3.4.  This test revealed that although the two models of Muhairwe had 
the best results for biases and fitting, the predicted values from these modles 
were lower than the small and large observed diameters (under estimations 
occur).  Muhairwe’s models were followed by the models of Lee et al.  and 
Kozak.  The models of Kozak et al. and Sharma and Zhang revealed the worst 
performance in terms of the results of the bias test (the vertical grey bar was not 
within the grey polygon). The black bar was not within the angle described by 
the dashed lines indicating that the fit of the model was not well.  Although the 
model of Biging, the model of Ormerod and the model of Thomas and Paressol 
had the black vertical bar within the two dashed lines; so, their predictions were 
low since the bars were low.  The best models to estimate the diameters of the 
Humied were the models of Lee et al. and Kozak.  
  





















































































































 Figure 3.3: Results of the equivalence test of the nine models for Habil. 
  























































































































 Figure 3.4. Results of the equivalence test of the nine models for Humeid. 
3.3.5. Leyun 
Results of the statistics of the models and their ranks for Leyun data (Table 3.8) 
reveal that the models of Mohairwe for Floodedgum and Lee et al. ranked first 
and second in the sum of ranks with large R2 values (0.99 and 0.95, 
respectively). The second model of Muhairwe and the model of Kozak ranked 
third also with large R2 values (0.99 and 0.97, respectively), followed by the 
model of Ormerod.  The last ranking models were those of Kozak et al. and of 
Sharma and Zhang with the weakest R2 (0.49 and 0.56, respectively). 
The largest mean bias (MB=1.6cm) and small MAD (0.008) were with the 
model of Kozak et al.  The models of  Muhairwe's and of Lee et al. had the 
smallest MB (0.0005, 0.0006 and 0.0005 cm, respectively), so they had a good 
accuracy of predictive abilities, however, the model of Lee et al. had the largest 
MAD (5.8), and hence the poorest predictive ability compared to other models. 
The model of Ormerod was the best predictive model with the smallest MAD 
(0.007). 
The equivalence test (Figure 3.5) shows that the models of Muhairwe were the 
best models in the bias test and data fitting (small grey and black vertical bars 
within grey polygon and within two dashed line, respectively).  The models of 
Kozak, Ormerod, Biging and Lee et al. had good results, while the worst results 
were with the models of Kozak et al. and Sharma and Zhang.  Although the 
models of Muhairwe had the best equivalence test performance, they under 
estimated the diameters at the most upper and lower part of the stem, hence 
the best models to describe the stem profile of Leyun trees were those of Lee et 
al. and Kozak.  
  
3.3.5. Sunt 
The presented statistics results and their ranks (Table 3.9) for Sunt revealed that 
the two models of Muhairwe ranked first and second, each explaining 98% of 
the variation in diameters along the stem (R2=0.98).  In the third rank was the 
model of Lee et al. with a relatively high R2 (0.87).  The models of Kozak et al. 
and Sharma and Zhang were associated with the worst overall performance with 
R2 ≤0.66.  
The two Muhariwe's models had a small mean bias but with regarding to mean 
absolute of differences, the Kozak's model had the smallest value so it has the 
best abilities to predictions, this is right for the models of Biging, Ormerod, 
Sharma and Zhang, and Thomas and Parresol, but the last two had a small R2, 
while the Lee et al.’s model had the biggest value of mean absolute differences, 
among other models, which makes it a model with a poorer ability of 
predictions than other models. 
The results of equivalence test are presented in the Figure 3.6.  It shows that the 
two models of Muhairwe had a small bias and small under estimation for the 
upper and lower diameters.  The worst model in the bias test was that of Kozak 
et al. where the vertical grey bar was not within the grey polygon and the worst 
in data fitting was the model of Sharma and Zhang where the vertical black bar 
was not within the two dashed lines.  The model of Kozak and the model of Lee 
et al. showed good performance in biases and data fitting.  Although the model 
of Lee et al. had low predictions (black vertical bar is low), it is considered the 
best model to estimate diameters along Sunt tree stems. The second best model 
was that of Kozak followed by the model of Ormerod.  
  





















































































































 Figure 3.5. Results of the equivalence test of the nine models for Leyun. 





















































































































 Figure 3.6: Results of the equivalence test of the nine models for Sunt. 
3.3.7. Talih 
The results of statistics and their ranks for Talih (Table 3.10) revealed that the 
models of Muhairwe attained the first two ranks with the highest R2 values 
(0.99), followed by the model of Lee et al. (R2=0.91).  The models of Kozak and 
of Ormerod ranked fourth and fifth, respectively. The last ranking model was 
that of Kozak et al., which also had smallest R2 (0.50). 
The model of Lee et al. had the smallest mean bias (0.001) and the biggest 
MAD (2.104) compared to other models; the best prediction ability was found 
for the model of Ormerod (MAD=0.007), but it had a relatively large SEE 
(6.613) and MB (0.381 cm). 
Figure 3.7 shows the results of equivalence test for Talih.  It revealed that the 
two models of Muhairwe had the smallest vertical grey bar within the grey 
polygon (bias test), and the vertical black bar was within the two dashed lines 
with the best data fitting.  The models of Kozak, Lee et al. and Ormerod had 
small vertical grey bar and good data fitting.  The model of Kozak et al. failed in 
the bias test where the grey vertical bar was outside the grey polygon, and the 
model of Sharma and Zhang failed in data fitting where the vertical black bar 
was outside the two dashed lines.  
Although the models of Muhairwe had the best performance for statistics and 
equivalence test, they were underestimating the observed values of the most 
upper and lower diameters (see Appendix B).  The best models to describe the 
taper of the stems for the Talih trees were those of Lee et al. and Kozak.   
3.3.8. Tartar 
The statistics and their ranks for Tartar were presented in Table 3.11.  The sum 
of ranks demonstrated that the models of Muhairwe ranked first and second, 
and they had the largest coefficient of determination (R2=0.99.  The model of 
Lee et al. ranked third (R2=0.97), and the models of Biging, Kozak and 
Ormerod took the next three ranks, respectively.  The worst model in its 
statistics was that of Kozak et al. with the smallest coefficient of determination 
(R2=0.65).   
The models of Lee et al. and of Kozak had small mean biases (0.08 and 0.04 cm, 
respectively) and small mean absolute differences (MAD=0.06 and -0.11, 
respectively); however, the smallest value of mean bias was found for the model 
of Muhairwe for Flooded gum (MB=-0.014 cm).  The Ormerod's model had the 
smallest mean absolute differences (MAD=0.006), displaying good abilities for 
estimation of the diameters of the stems.  
The results of the equivalence test for Tartar (Figure 3.8) confirmed the above 
results for the models of Muhairwe; they had the best results in the biases (the 
vertical grey bar was small and within the grey polygon) and in fitting predicted 
and observed diameters (the vertical black bar was small and within the two 
dashed lines).  However, they had under estimations in the most upper and 
lower diameters; this is confirmed by the residuals plotting (Appendix B).  In 
contrast, for the model of Kozak et al., the vertical grey bar was not within the 
grey polygon(great bias), and for the model of Sharma and Zhang the vertical 
black bar was not within the two dashed lines (poor fitting of the model).  The 
model of Kozak and the model of Lee et al. had good results in the bias and 
data fitting tests and their residual distribution was acceptable.  Consequently, 
the best models to represent the stem profile of Tartar trees were those of Lee et 
al. and Kozak.  





















































































































 Figure 3.7: Results of the equivalence test of the nine models for Talih. 





















































































































 Figure 3.8: Results of the equivalence test of the nine models for Tartar. 
3.4. Discussion  
The results revealed that amongst four different types of taper models tested, 
two variable-exponent taper models, namely, Lee et al. (2003) and Kozak (1988) 
had the best performance in describing the tree stem profile of the eight studied 
species.  These taper equations have been shown to perform for other species 
better than a number of popular taper models according to several selection 
criteria (Perez et al., 1990; Kozak and Smith, 1993; Bi, 2000; Lee et al., 2003).  
In addition to the above models, the models of Biging (1984) and Ormerod 
(1973) showed good performance in Eucalypts and Sunt, respectively. These 
four models were less biased and more precise than the other models.  In 
general, for all species, the performance of the variable-exponent models was 
followed by that of the sigmoid form of models represented by Oremerod 
(1973) and Biging (1984).  Sigmoid-form of taper equations, one by Biging 
(1984) and the other by Wensel and Krumland (1983), were also selected by 
Wensle and Olson (1992) after extensive examination of existing taper 
equations of different types to describe tree stem taper for eight major 
commercial California conifers. 
Although the two variable-exponent models of Muhairwe (1994) were among 
the best with regard to bias and goodness of fit, they showed underestimation 
for the upper and lower stem diameters.  The variable-exponent models of 
Sharma and Zhang (2004) showed high bias and poor fitting to the data in most 
of the species.  These results are in agreement with the findings of Kozak and 
Smith (1993) in other species, which revealed that variable-form taper equations 
were highly suitable for describing the form of a tree stem, because they use a 
changing exponent from ground to top.   The model of Kozak (1988) was also 
found to be the best in modeling stem profiles for Pinus densiflora in Korea on 
the basis of the statistics used in this study as well as R2. 
The trigonometric model of Thomas and Parresol (1991) had acceptable 
performance in describing the tree stem profile only in Tartar and Talih. In the 
other species it ranked among the models of worst performance. Unlike the 
result of Bi (2000), whose study in Australian Eucalypts revealed that the 
trigonometric taper functions were generally less biased and more precise than 
the model of Kozak (1988), the trigonometric model of Thomas and Parresol 
(1991) in the current study was more biased and less precise than the model of 
Kozak (1988) even for Eucalypts.  The results also showed that the segmented 
polynomial model of Kozak et al. (1969) had the worst performance in 
describing the tree stem profile of the studied species, except for Eucalypts 
where it showed well-fitting to the data. 
The main requirement for taper models in the current study was to reliably 
predict the diameters along the main stem of the eight broad-leaf species i.e. the 
tree merchantable section that is more likely to be used for end uses other than 
firewood.  To estimate stem diameters (d), the selected models use tree DBH, 
total height (HT) and section heights (h) along the stem, and their 
transformations as independent variables.  These variables (DBH and HT) are 
easily and routinely measured in forest inventories, and this makes the use of 
these models cost effective to estimate stem volume, diameters at any given 
height along the stem, merchantable volume and products assortments and 
their volumes.  Although taper functions could be based on only DBH, h and 
their transformation, the use of stem height in taper functions is very important 
as noted by Muhairwe (1994) because changes in tree shape and taper are 
characterized by changes in total stem height and diameter. 
The current study demonstrates the findings of the first investigation on stem 
taper modeling of home-growing species by examining the suitability of existing 
taper models developed elsewhere mainly for softwood or for hardwood species 
which are not as branching as the majority of studied species.  Nonetheless, no 
attempt was made to investigate the need to modify, drop or add variables to 
adjust the models to the species under study as this was beyond the aim of this 
study.  In future studies, there is opportunity to improve the performance of the 
selected models by modifying the constants in the models and/or the power of 
the variable h/HT (Z)  to other powers or set it as an additional parameter and 
let the data decide its value.   
 
3.5. Conclusions  
Based on calibration results, the models of Lee et al. (2003) and Kozak (1988) 
provided the best fit to the taper data for the eight species; they had better 
precision and much less bias in diameter estimates compared to the other 
evaluated models.    
Additionally, the models of Ormerod (1973) and Biging (1984) provided 
estimates to obtain diameters to any desired upper stem height for Sunt and 
Eucalypts, respectively.   
On the other hand, the model of Kozak et al. (1969), segmented polynomial, 
did not fit the data well for all species except for Eucalypts where it provided 
adequate estimates of diameters. 
 
 CHAPTER FOUR 
PAPER II 
VALIDATION OF STEM TAPER MODELS OF SUNT (ACACIA 
NILOTICA) TREES OF TWO AGES AND GROWING IN DIFFERENT 
SITES  
4.1 Introduction 
Sunt (Acacia nilotica (L.)) is a drought resistant tree that occurs in plains, flat or 
gently undulating ground and riverine; however, trees grow best on alluvial soils 
subject to periodic inundation.  The species is widespread in the northern 
savannah regions, and its range extends from Mali to Sudan and Egypt (Barnes 
and Harris, 2002). In Sudan, Sunt is found as pure dense stands, in riverine 
forests, over large areas from the Egyptian border in the north to as far south as 
Jebelein on the White Nile, and Roseires on the Blue Nile.  The species also 
occurs along the Dinder and Rahad rivers, in less frequently flooded basins 
along the Atbara River and in some inland sites (Badi et al., 1989).  These 
riverine forests occupy the lands that are flooded when rivers rise in the latter 
part of the wet season and they are considered as one of the most unique 
ecosystems in the world and can be managed to provide an array of uses and 
services and they are a critical resource for the northern states of Sudan 
(Elsiddig, 2002; Elsiddig and Hetherington, 1985). 
Three sites classes are notable in Sunt forests along the Blue Nile, namely, 
“gerf” “maiya” and “kareb”.  The most favorable site for Sunt is the “gerf”, 
which lies between the river and the “maiya”.  The “maiya” is a shallow 
depression in the basin where water stays for a considerable period.  The 
“kareb” slope is found between the “maiya” and the high contours away from 
the river; the growth of Sunt in this site is rather poor (Badi et al., 1989).   
Timber production from Sunt includes railway sleepers, sawn timber for local 
uses and fuelwood.  The species contributes 40% to the total production of 
sawn timber of Northern Sudan.  Railway sleeper is the most important 
produce of all sawn timber production from the species as stated in the 
utilization objectives of Sunt forests management plans.  Sleeper production 
consists of the Sudan railway sleeper of 2.3 meters length and 25x12.5 cm cross-
sectional area, and the Sudan Gezira Board light rail sleeper of 1.2 meter length 
and 20x10 cm (Elsiddig and Hetherington, 1985).  Swan timber products from 
small sized logs (< 25 cm at the small end), and from the waste of sleepers 
production, include bed units, stools, lintels for construction purposes and boat 
industry.  Fuel wood production comes from the branch wood of sizes smaller 
than 25 cm in diameter, the remaining waste of sawmills, and from small sized 
trees, which are felled at the early thinning operations (Elsiddig and 
Hetherington, 1985). 
The management of the species for these production targets necessitates careful 
treatments of the Sunt plantation over successive periods to end at 30 years of 
age with the best quality log size-classes (Jackson, 1959).  Jackson Management 
Strategy involved a rotation of 30 years and five thinnings when the crop is 6, 9, 
12, 15 and 20 years old (Jackson, 1959).  Foggie Management Strategy involves 
a rotation of 35 years and eight thinnings at ages 6, 9, 12, 15, 18, 21, 24 and 27 
years (Foggie, 1969).  At age 12 years, the best quality trees of the largest 125 
trees per hectare (50 trees per feddan) are selected and maintained to be the 
final felling trees (Jackson, 1959; Foggie, 1967; Elsiddig, 2002).  
Forest management is concerned with maintaining or increasing the output of 
different forest resources.  Hence, the forest manager requires accurate and up-
to-date information on the current growing stock and future growth potential 
(Muhairwe, 1994).  Taper functions can be used by forest managers to provide 
accurate and timely information on current growing stock (Gray, 1956).  The 
term of stem taper refers to the rate of decrease in diameter with increasing 
height up the stem (Morris and Forslund 1992; Newnham, 1992). 
The importance of taper functions can be attributed to provide estimates of 
diameters at any point on the stem, total stem volume, merchantable volume 
height to any top diameter from any stump height, and individual log volumes 
(Kozak 1988).  The volume of an individual tree depends on its taper: the more 
the taper is pronounced the less volume is available for the wood 
transformation. Thus, characteristics of the stem are really useful to provide 
good volume estimates (Sharma and Zhang, 2004). 
Growth of tree crops and their productive performance over some unit of time 
depends on the site capability.  Site influences stem form and taper through its 
effects on crown development (Larson 1963, 1965).  Trees on poor sites (i.e., 
trees growing on sites deprived of nutrients or lacking water) show the greatest 
taper and least desirable forms (Larson 1963).  Smith and Wilsie (1961) found 
that the annual increment along the stem increased downwards (increased 
taper) in wet periods and decreased downwards (decreased taper) in dry periods.  
They noted that this difference in stem forms and taper can be traced to the 
well known growth relationship with site quality.  Height growth diminishes for 
trees of the same diameter as site quality decreases, thus increasing stem taper 
and changing stem form. 
According to Larson (1963) trees growing on poor sites represent an exception 
to the general rule of taper changes.  Although much of the variation in stem 
form can be assigned to differences in height, the relative distribution of 
diameter growth on the stem does vary widely with site quality.  On good sites, 
growth is concentrated in the upper crown of the lower stem classes, whereas on 
poor sites the growth tends to be more uniformly distributed along the bole.  
Newberry and Burkhart (1986) found both taper and form to decrease as the 
combined crown ratio-site index term decreased.  In some exposed areas, wind 
has the effect of reducing the increase in height per unit of volume as the tree 
gets older and increasing the taper.  Newnham (1965) used Gary's (1956) taper 
function to show that site index and stand age have no significant effect on 
stem taper  for Douglas-fir.  However, this lack of effect has not been 
investigated thoroughly. 
The major stand treatments which will alter both tree crown size and average 
stand canopy closure, as well as the stand density, including thinning, pruning 
and fertilization.  Thinning reduces stand density and allows individual trees 
more space to expand their crowns.  For heavily thinned stands, trees grow like 
open-grown trees which mean they have high taper and conical shapes.  Pruning 
does the opposite (Larson 1963, 1965).  Pruning a tree reduces the crown size 
for a given height, which is similar of increasing the stand density.  Thus, 
pruning decreases taper and makes trees look more parabolic in shape. 
Stem taper increases throughout the life of the tree as long as it remains in the 
dominant crown class, but begins to decrease with age as the trees become 
dominated  Newnham (1965).  Height/diameter ratio decreased with increasing 
thinning intensity, but the differences in stem taper were also related to tree age 
(Harri and Antti, 2004).  Shepard et al. (1991) found that the older trees had 
significantly less taper.  Newnham (1965) reported that site index and stand age 
have no significant effect on stem taper for Douglas-fir.  The shape of the 
height-diameter relationship at a given age is influenced by the site and by the 
initial density (Buford and Burkhart, 1987). 
In a previous study on taper modeling of some Sudanese species (Chapter 3), it 
was found that, amongst nine stem taper models, the models of Lee et al. 
(2003), Kozak (1988) and Ormerod (1973) were the most unbiased and precise 
in describing stem profile of Sunt trees.  The objective of this study was to 
evaluate the performance of these models on Sunt trees of two ages (16 and 24 
years) and trees growing on different sites (gerf, maiya, and kareb) 
4.2. Methods  
4.2.1. Data collection  
During March 2007, taper data for Sunt (Acacia nilotica) were collected from 
Lembwa Forest, which is a riverine forest located in Sennar State on the 
western bank of the Blue Nile, between latitudes (12˚ 51 -12˚ 52) N and 
longitudes (34˚ 01 - 34˚ 02) E. The total area of the forest is 337.6 hectares; 
the sample trees were 24 year old (Compartment 20) and 16 year old 
(Compartment 3). In both compartments the three sites (gerf, maiya, and kareb) 
characteristic of riverine forests were clearly distinct.  
Ninety trees were randomly chosen for measurements from each compartment.  
Sixty trees represented each of the three sites.  The main bole was measured in 
meter for each tree.  Diameter at breast height (DBH'; 1.3 meter) and the 
diameters at ten percent of the main bole height were also measured in 
centimeters; the first diameter measurement was done at the stump height (0.3 
meter from the ground).    All collected data were classified by site and age and 
comprised 1800 measurement points for the two ages and 1800 measurement 





Table 4.1. Summary of statistics of the Sunt trees from different ages. 
Age (Year) Variable Mean Std Minimum Maximum 
16 
DBH (cm) 32.3 7.8 20 46.5 
Height (m) 4.3 1.2 2.4 8.5 
24 
DBH (cm) 44.0 6.1 32 61 
Height (m) 7.4 2.0 3.5 14 
 
 
Table 4.2. Summary of statistics of the Sunt trees on different sites. 
Site Variable Mean Std Minimum Maximum 
Gerf 
DBH (cm) 42.86 7.35 21.5 61 
Height (m) 6.27 2.65 2.9 14 
Maiya 
DBH (cm) 33.68 8.16 20 51 
Height (m) 5.6716 1.92 2.4 10 
Kareb DBH (cm) 37.85 9.31 23 56.5 
Height (m) 5.48 2.11 2.4 10 
 
 
4.2.2. Stem taper modeling 
The taper models used in this study were chosen amongst nine models 
calibrated in a previous study based on their performance in describing the 
stem profile of Sunt trees (Chapter Three).  The models were two variable-
exponents models (Kozak, 1988 and Lee et al., 2003) and one sigmoid model 
(Ormerod, 1973).  The mathematical expressions for them are given in the 
Table 4.3.  
The taper models were fitted using non-linear least squares procedure of SAS 
with the Gauss-Newton’s iteration method (SAS Institute, Inc, 2002).  The 
initial values of the coefficients used to fitting the models were obtained from 
the previous study.  The model of Kozak (1988) was fitted using logarithm 
transformation of its equation. 
After estimating the regression coefficients for the three taper models, non-
parametric statistics (mean bias, mean absolute differences and standard error 
of estimate) and coefficient of determination) were calculated (Loague and 
Green, 1991; Mayer and Butler, 1993) and presented in Tables 4.5 and 4.6.  
The formulas of these statistics are presented in Table 4.4.   
Models were ranked based on their statistics in a process similar to that used by 
Kozak and Smith (1993); the model with the smallest MB/SEE/MAD (in 
absolute terms) was assigned a rank of 1, and the model with the largest 
MB/SEE /MAD was assigned a rank of 3. While the model with the biggest R2 
was assigned a rank of 1, and the model with smallest R2 was assigned a rank of 
3 (the ranks were put within parentheses and the same value of statistics took 
the same rank). Ranks for MB, SEE, MAD and R2 were summed to obtain an 
overall rank for each model to determine the most appropriate one. 
The stem taper ratios were calculated as follows: the difference between two 
diameters divided by the length between the two points of diameter measured 
and showed in Table 4.7. 
 
Table 4.3. Mathematical expressions of the tree stem taper models.  
Model  Formula  
Kozak  
1988 d=b1BDBH b 2 Bb3DBH BY
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Lee et al. 
2003 d = b 1 B D BH
b 2 B 1 @Z` ab 3 B Z
2 + b 4 B Z + b 5  
Ormerod 
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d: the diameter outside bark (cm) at a specific height h from the ground, 
DBH: the diameter outside bark at breast height (cm),  
h: the height at a specific point on the bole (m) from the ground,  











k ,  
I: the location of the inflection point as 0.25 Kozak (1988), inflection point has 
very little effect on the predictive ability of the model Perez et al. (1990). 
b1 - b8: estimated parameters. 
Table 4.4. Mathematical expressions of formulation of statistics. 
Statistic  Formulation  
Main Bias (MB) MB = 1n
ffffΣ d i @d ihat
b c
 








Mean Absolute Differences 
(MAD) 
MAD = Σ d i @d ihat
LLL
MMM
Σ d i @d ihat
b c 2
ffffffffffffffffffffffffffffffffffffffffffff 
Coefficient of Determination (R2) R2 =
Σ d ihat @d
ffffb c2





di  : observed diameters, 
dihat  : diameters to be estimated, 
d  : mean of diameters, 
n: number of observations, and 
m: number of parameters in model. 
 
4.3. Results 
The estimated coefficients for the three taper models of the two ages and the 
three sites of Sunt trees are presented in Appendix D.  The statistics of the 
three tested models for the ages and sites are given in Tables 4.5 and 4.6, and 
the graphing of the observed diameters versus estimated diameters is presented 
in Figures 4.1 and 4.2, respectively.  The residuals distributions, resulting from 
plotting residuals versus estimated diameters are shown in Figures 4.3–4.4. 
Judging by the results of statistics and the overall rank of models, Kozak’s model 
ranked first for the two ages of Sunt trees (Table 4.5); it was the least biased and 
the most precise model in describing the stem profiles of Sunt trees. The results 
also show that stem tapering was strongly correlated with DBH and height of 
trees; the coefficient of multiple determinations for this relationship was 89% 
and 97% for the 16 and 24 years old trees, respectively.  The model of Lee et al. 
ranked first having the same rank as Kozak’s model for the 16-years old trees; it 
ranked second with the same rank of Ormerod for the 24-years old trees; 
Ormerod’s model ranked the third for the 16-years old tress.  In general, the 
mean bias of the three models was less than 0.1 cm and the variation in the 
diameters were highly explained by the other stem variables (R2 ranged from 
0.84 to 0.97).   
From Table 5.6, it can be seen that Kozak’s model ranked first in the three sites; 
most of its statistic were the smallest and R2 values were the largest in all sites 
compared to the other models.  This model was the most precise and unbiased, 
and the best to describe the stem profile of Sunt trees growing at gerf, maiya or 
kareb.  For the trees growing on the maiya, the model of Lee et al. ranked first 
in equality with the model of Kozak, while it ranked third in describing the 
stem profile of the trees at the gerf and kareb.  The Ormerod’s model ranked 
second for the trees growing in the gerf and kareb but it ranked third for the 
maiya.  In spite of the differences in models’ ranks, the mean bias of the three 
models was very small (≤ 0.4 cm).  The results also show that stem tapering was 
strongly correlated with DBH and height of Sunt trees; the coefficient of 
multiple determinations of the three models for the three sites ranged from the 
smallest value of 85% to the highest value of 95%. 
The above results of the statistics and ranking of the models for the various ages 
and sites were confirmed by the results of equivalence tests (Figures 4.1 and 
4.2).  These Figures show that the model of Kozak had the smallest bias (the 
smallest grey vertical bar within the grey polygon) and the best data fitting (the 
black vertical bar within the angle described by the two dashed lines) for trees of 
the two ages and for the trees growing on the three sites.  The model of Lee et 
al. also had small bias and acceptable goodness of data fitting in the two ages 
and three sites.  The results of the equivalence test of Ormerod’s model were 
similar to those of the model of Lee et al. for 16- and 24-years old trees.   
Ormerod’s model was slightly less precise and more biased than the model of 




Table 4.5 Statistics of the three models from two ages Sunt trees. 
Statistic 
Age (year) 16 24 


































































Table 4.6 Statistics of the three models from three sites of Sunt trees. 
Statistic 
Site Gerf Maiya Kareb 













































































Overall rank 6 9 8 7 7 10 6 10 8 
(1) (3) (2) (1) (1) (3) (1) (3) (2) 








The choice among the models seems somewhat clear using residuals plotting 
(Figures 4.3–4.4).  The residuals plotting indicated that the model of Kozak was 
the best in fitting Sunt tress data of the two ages and the three sites.  Error of its 
estimates for the two ages and the three sites was distributed between ±6 cm; 
only a few data points were outside these ranges.  However, the models of Lee et 
al. and Ormerod; their error of estimates were distributed between ±6 cm for 
16-years old trees, and ±8 cm for the other age and sites.   
The stem profiles made by using the taper functions of the three models for 
different ages and sites are illustrated in (Appendix D).  Kozak’s stem profile 
was the most fitting to the mean diameters at ten proportional heights for Sunt 
trees for all ages and sites (Figures D.1-D.5).  The model of Lee et al. 
represented the Sunt trees data adequately where its estimated diameters were 
close to observed.   In contrast, the fit of Ormerod’s model was not satisfactory; 
its function showed underestimation and overestimation of the observed 
diameters. 
Using the diameters estimated by the taper function of Kozak (1988), the taper 
ratio of the entire stem and the lower, middle and upper sections of the stem 
were calculated and shown in Table 4.7 for each of the two ages and three sites.  
The results indicate that the entire stem taper ratio of the 24-years old trees was 
higher than that of the 16-years old trees.  The entire stem taper ratio for the 
trees growing on the gerf and kareb was higher than that for the trees on the 
maiya.   
The taper was higher in the lower sections than the upper section of the stem 
for 24-years old trees, while for the 16-years old trees, the taper ratio was more 
or less similar in the three sections.  In the three sites, the stem taper ratio was 
greater in the lower sections compared to the upper section of the stem.  
 
 
A                           Kozak                   B    
A                          Lee et al.                    B  
A                      Ormerod               B 
 
Figure 4.3. Results of residuals distribution of the three models (A at 16 years 





Kozak                A                                                               B                                                          C 
Lee et al.             A                                                               B                                                          C 
Ormerod                 A                                                               B                                                          C 
Figure 4.3. Results of residuals distribution of the three models of Sunt trees at (A gerf, B mayia and C kareb). 
There were small differences in taper of the entire stem and those of the stem 
sections among the three sites.  For example the difference between the smallest 
(maiya) and the largest (gerf) values of the entire taper was less than 0.2 cm and 
it ranged between 0.13 in the lower section and 0.31 in the middle section.   
Table 4.7. The taper ratio calculated using Kozak’s taper function of for two 
ages and three sites.  
Portion  
Taper ratio (cm/m) 
Entire stem Lower section Middle section Upper section 
Age  
(year) 
16 1.86 1.92 1.90 1.96 
24 2.06 2.44 2.22 1.84 
Site 
Gerf 2.12 2.19 2.34 1.85 
Maiya 1.93 2.06 2.03 1.69 
Kareb 2.04 2.11 2.12 1.89 
 
4.4. Discussion 
In general, the taper functions tested in this study were precise in their 
predictions of diameters of Sunt as indicated by the small MB values.  However, 
some models showed more bias than the others.  Based on the overall ability of 
the model to fit the data using various criteria, the model of Kozak (1988) was 
the best in describing the stem profile of the 16- and 24-years old Sunt trees.  
Also for other species, Kozak’s model was found to perform better compared to 
various taper models according to several selection criteria (Perez et al., 1990; 
Kozak and Smith, 1993; Bi, 2000; Lee et al., 2003). 
The taper function of Ormerod (1973) tested in this study was inadequate to 
describe the entire stem profile of Sunt trees in all situations.  It slightly 
underestimated the lower and upper diameters of the stem and overestimated 
the middle diameters.   These results are matching the findings of Max and 
Burkhart (1976), Reed and Byrne (1985) and Newnham (1992), who found that 
the taper function of Ormerod failed to describe the entire tree stem-profile of 
other species. 
As trees grow, they increase in diameter along the stem.  The results revealed 
that young Sunt trees (16 years old) have uniform stem shape.  One possible 
reason why trees have uniform shapes at young ages could be that trees are 
putting their growth efforts into height to achieve good crown positions to 
compete for sunlight rather than on radial increment. Trees change shape 
because diameter increment is not uniform along the whole stem.  As trees aged 
(24 years old), the taper of the entire stem increased indicating that the 
diameter growth at the base is more than at the top of the stem.   
Larson (1963, 1965) and Gray (1956) stated that as age increases, growth occurs 
unequally along the stem, resulting in different shapes at various points along 
the stem.  This is in line with the results of the current study, which also 
showed that at age 16 there were slight differences in the taper of the separate 
sections of the stem. When the trees become older (age 24), the taper decreased 
gradually from the lower section to the middle and then to the upper section of 
the stem.  These results confirm the findings of Dafa Alla (1998) and Nile and 
Abdelgadir (1997) and that as Sunt trees grow, the diameter growth at the base 
becomes more than at the top of the stem.   
Newnham (1965) reported that stem taper increases throughout the life of the 
tree, while Shepard et al. (1991) found that the older trees had less taper.  
However, it should be noted that the development of stem taper with age can 
vary among species and is affected by the type and timing of the silvicultural 
practices.  In the light of the results of this study, the older Sunt trees showed 
more stem taper than the younger trees according to the findings of Dafa Alla 
(1998) and Nile and Abdelgadir (1997), stem taper might continue to increase 
up to the rotation age (30 years).   
The trees growing on good sites will put more diameter growth along the stem 
than trees growing on poor sites (Clyde 1986).  As pointed out by Larson 
(1963), the tree height growth is related to site productivity. Therefore, site was 
expected to affect change in shape of tree stems.  Trees put different amounts of 
diameter increment along the stern depending on where they are growing 
(Clyde 1986).  The results indicate that the trees growing on the gerf (good site) 
put more diameter growth along the stem than the trees growing on the maiya 
and kareb (relatively poor sites), but the trees on the three sites put equal 
diameters growth along the entire stem, and hence, have the same stem shape.  
These results are in agreement with the finding of Newnham (1965) for the 
Douglas-fir where the site index had no effect on the stem taper.    
When deciding on taper models, the ease of use and finding parameters of the 
model should be considered in addition to the statistical consideration (Kozak 
and Smith, 1993; Van Zyl, 2005).  The model of Kozak gives the best 
description to stem profile of the Sunt trees, however, the model of Lee et al. 
(2003) can provide satisfactory results in describing the stem profile and 
because its coefficients and fitting practically are easier than the model of 
Kozak, it can be readily acceptable. 
    
4.5. Conclusion  
The models of Kozak (1988) and Lee et al. (2003) were competing models in 
describing the stem profile of Sunt trees whether of different ages or growing on 
different sites.  The model of Kozak was the most unbiased and most precise 
model in describing the stem profile, but when the ease of applying the model 
is considered, in addition to the statistical consideration, the model of Lee et al. 
is satisfactory to describe the stem profile of Sunt trees.    
The model of Ormerod (1973) failed to describe the stem profile of Sunt trees; 
it slightly overestimated the diameters middle section and underestimated the 
lower and upper section. 
As Sunt trees get older, the entire stem taper increases, but the trees had 
comparable entire stem taper on the different sites.  
 
 CHAPTER FIVE 
PAPER III 
 
EVALUATION OF STEM TAPER MODELS FOR Eucalyptus 
camaldulensis (Dehnh.) TREES OF TWO AGES AND STEM ORIGINS 
 
5.1. Introduction 
Eucalypts has more useful purposes than any tree on earth.  It provides forest 
cover for any terrain from mountains to swamps.   It gives shade and act as 
wind break.   It furnishes gum resin, oil and nectar, posts, and hardwood 
products (Santos, 1997).  The biggest single urge to plant Eucalypts in large-
scale plantation is provided by the demand for wood fiber for industry (Pryor, 
1976) and several countries already had used Eucalypts plantation to furnish 
the raw material for the pulp industry (FAO, 1981).  In many parts of the 
world, where there is a wood famine, Eucalypts wood for fuel and building 
poles is particularly important, several eucalypts species have provided much 
needed material of this kind (Pryor, 1976). 
In Sudan, the introduction of exotic species, mainly Eucalyptus species, started 
in 1915 (Gorashi, 1998).  Several Eucalyptus species have proved suitable for 
irrigated plantations on cracked clays.  The seedlings are planted at 2-3 by 3 m 
spacing and are managed in an 8-year rotation to produce building poles and 
firewood.  After felling several shoots sprout from the 30-cm stumps, and one 
year later their number will be reduced to 2-3 per stump and the coppice is 
managed in a seven year rotation (Armitage, 1985).  Eucalyptus camaldulensis 
(Dehnh.) was mainly planted to protect crops from blowing sand (Duke, 1983).  
The tree is a tall, evergreen tree, growing to 30 or ever 40 m, but more usually 
20 m in the Sahel.  The timber is reddish in color and useful for general 
construction and poles (Vogt, 1995) and may serve to meet the increasing 
demand for wood fiber in the near future. 
Tree stem taper is defined as a decrease in stem diameter with increasing height 
up the stem (Burkhart and Stiff, 1990).  Stem taper models are useful and 
important for forestry.  They are simple methods and effective tools that can be 
used to obtain information of individual tree volume and the volumes of entire 
stands; such information is vital for forest management (Byrne and Reed, 1986; 
Ounekham, 2009). 
Taper equations have been used for more than a century by foresters to express 
tree form in terms of easily measured characteristics (Burkhart and Stiff, 1990).  
A taper equation describes the entire profile of the stem.  It is a mathematical 
description of the relationship between diameter and height and it allows the 
estimation of diameter or height at any point along the stem, thereby 
permitting the calculation of volume to any merchantable limit (Van Zyl, 2008).  
Where a taper equation is continuous and able to be integrated, the volume of 
the bole can be determined by integration.  When this is not possible, the 
equation can be used to predict the sectional area at specified length intervals 
and then total stem volume is determined by adding the volume of the various 
sections (Rojo et al., 2005). 
Tree taper models are basically developed to predict stem diameter (di) as a 
function of diameter at breast height (DBH), total height (TH) and height at 
different points along the stem (hi) (Clutter et al., 1983).  However, taper 
models for estimating hi at a specified di can also be developed (Demaerschalk, 
1972; Bruce et al., 1968).  Many model forms of varied degrees of complexity 
have been described by numerous authors, and the importance of taper 
equation becomes evident from many recent studies and the continued interest 
and development in the field (Valenti and Cao, 1986; Kozak and Smith, 1993; 
Bi, 2000; Lee et al., 2003; Shaw et al., 2003).  
Stem taper can either increase or decrease with age. Larson (1963) and 
Newnham (1965) noted that as height growth declines, a more constant 
diameter increment is added over most of the stem with increasing age except at 
the base and the tip.  However, Shepard et al. (1991) reported that as the tree 
gets older, the main bole does not change as much and it becomes more 
cylindrical.   
The objectives of this work was to validate selected stem taper models on 
Eucalyptus camaldulensis trees of two ages and two stem origins (seedlings and 
coppice)  
 
5.2. Methods  
5.2.1. Data collection 
Two hundred sample trees of Eucalyptus camaldulensis were randomly chosen 
during March 2007 from Kenana Plantation, which was established in 1994 by 
Kenana Sugar Company.  The tree sample included 100 trees for each of two 
ages (3 and 6 years); each age comprised 50 trees of seedling origin and 50 trees 
of coppice origin.  Before felling, the DBH (at 1.3 m above the ground) was 
measured. After felling, total tree height (H) in meters, and diameters, in 
centimeters at 10% of total height intervals from stump height (0.3 m) to the 
top were measured.  The descriptive statistics of the data of the two ages and 
two stem origins for Eucalypts were shown in the Tables 5.1 and 5.2, 
respectively. 
Table 5.1. The descriptive statistics for Eucalyptus camaldulensis trees of two ages. 
Age (year) Variable Mean Standard deviation 
3 
DBH (cm) 5.72 1.059 
Total height (m) 6.58 0.894 
6 
DBH (cm) 10.13 2.812 
Total height (m) 10.10 2.241 
Table 5.2. The descriptive statistics for Eucalyptus camaldulensis trees of two stem 
origins. 
Stem origin Variable Mean Standard deviation 
Coppice 
DBH (cm) 7.143 2.416 
Total height (m) 8.45 2.549 
Seed 
DBH (cm) 8.70 3.424 
Total height (m) 8.24 2.342 
 
5.2.2. Taper models 
Three taper models were evaluated in this study as suggested in a previous work 
(Chapter III).  These were the variable exponent taper models by Kozak (1988) 
and Lee et al. (2003), and sigmoid model by Biging (1984); the mathematical 
formulae of these models are given in Table 5.3.   
Table 5.3. Mathematical expressions of the tested models. 
Model Mathematical Expression 
Biging 
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 Where:  
d: the diameter outside bark (cm) at a specific height h from the ground, 
DBH: the diameter outside bark at breast height (cm),  
h: the height at a specific point on the bole (m) from the ground,  
HT: the total tree height (m),  
Z = hHT
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I: the location of the inflection point, inflection point has very little effect on 
the predictive ability of the model Perez et al. (1990), I=0.25 (Kozak 1988), and  
b1 - b8: estimated parameters. 
The taper models were fitted using NLIN procedure in SAS statistical package, 
Version 9.00 (SAS Institute Inc. 2002) with the Gauss-Newton iteration 
method to obtain estimated parameters in different origins and ages. The 
model of Kozak (1988) was refitted after taking the logarithm of its equation. 
The stem taper ratios were calculated as follows: the difference between two 
diameters divided by the length between the two points of diameter measured 
and showed in Table 5.7. 
 
  
5.2.3. Statistical analysis and models evaluation 
To compare the efficiency of fitting the models to observed data, the following 
statistics were computed: main biases, standard error of estimate, mean absolute 
deviation and coefficient of determination.  The formulae of these statistics 
were presented in Table 5.4.  
The rank procedure suggested by Kozak and Smith (1993) was adopted.  Using 
the values of a statistic, the best model was assigned a rank of one, while the 
poorest model was assigned a rank of three; the ranks were put within 
parentheses next to the value of the statistics.  The ranking values of each model 
were summed to give a single value for the overall model ranking. 
Table 5.4. Mathematical expressions of formulation of statistics. 
Statistic  Formulation  
Main Bias (MB) MB = 1n
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di  : observed diameters, 
dihat  : estimated diameters, 
d  : mean of diameters, 
n: number of observations, and 
m: number of parameters in the model. 
5.3. Results 
The statistics calculated from the results of three models of two ages and two 
stem origins for Eucalypts trees were presented in Tables 5.5 and 5.6, 
respectively.  The results of an equivalence test for the tested models of two ages 
and of two stem origins for Eucalypts trees were shown in the Figure 5.1 and 
5.2, respectively.   The residuals graphing were shown in the Figure 5.3, and 
estimated coefficients for the tested models were presented in an Appendix E. 
From Table 5.5, we learn that the models of Lee et al. and Kozak were 
competing models; they ranked first for estimating the diameters of 3-year old 
Eucalypts trees.  Although the model of Biging had statistics very close to the 
other models, it ranked the last for this age.  For 6-years old Eucalypts trees, the 
best model was that of Lee et al. followed by the models of Kozak and Biging 
with comparable statistics.  All models had a small mean bias (<0.08 cm) and 
they showed that the stem tapering was strongly correlated with DBH and 
height of trees; the coefficient of determination for this relationship for 3- and 
6- years old trees ranged between 94% and 97%.  
From Table 5.6, it can be seen that the models of Lee et al. and Kozak were 
assigned a rank of one for the stem from seed origin; they estimated the 
diameters in a precise and unbiased way.  The model of Biging was assigned a 
rank of three but its statistics were comparable to the other models.  The model 
of Lee et al. also ranked the first of estimating the diameters for the Eucalypts 
trees of stem from the coppice followed by the models of Kozak and Biging.  
The variations in the diameters of the stem from the seed origin and the 
coppice were highly explained by the variables of DBH and the height of the 
trees; the coefficient of determination for this relationship ranged between 96% 
and 98%. The mean bias was very small (<0.04) cm for all models.  The results 
of the equivalence test confirmed the results of statistics calculated for the 
validated models (Figures 5.1 and 5.2).  The Figures show that the models of 
Lee et al., Kozak and Biging had a small bias (the small grey vertical bar within 
the grey polygon) and showed well-fitting to the data (the black vertical bar 
within the angle described by the two dashed lines).   
Table 5.5.The statistics of the tested models of two ages for eucalypts.   
Age (year) 3 6 


































































Table 5.6.The statistics of the tested models of two origins for eucalypts.   
Stem origin Coppice  Seed  






































































Figure 5.2. The results of equivalence test of the three models for two stem 
origin of Eucalypts trees. 
The model of Kozak fitted the data well but it underestimated the most upper 
diameters of the Eucalypts trees at age 6 years and overestimated the most upper 
diameters of the trees at age 3 years.  The model also under estimated the 
middle diameters of the stem for the trees originating from coppice.  The data 
fitting using the model of Biging was inadequate to describe the stem profile of 
the 3-year old trees and the trees originating from coppice; it underestimated 
the middle diameters of the stems.  
The evaluation of the models would be thorough by examining the distribution 
of the residuals (Figures 5.3 – 5.6).  The Figures show that the model of Biging 
showed overestimation of the lower diameters for the trees at age 3 and 6 years.  
The overestimation also can be seen for the trees from the seed origin and 
coppice.  The model of Kozak underestimated the upper diameters for the 3- 
year old trees and over estimated the upper diameters of the 6-year old trees. 
The best distribution of residuals was shown by the model of Lee et al. for the 
trees of age 3 and 6 years, and for the trees from seed and coppice origin.  
By ranking the models according to the statistics, overall ability of the model to 
describe taper and the residual graphing, it can be judged that the three models 
can be used to estimate the diameters of the Eucalypts trees, but the model of 
Lee et al. was superior.  The stem profiles which were made using the taper 
functions of the three models of two ages and two stem origins of the Eucalypts 
trees are shown in Appendix E.     
The taper ratio of the entire stem and three sections of the stem profiles of the 
three ages and three sites were calculated and shown in Table 4.7. The results 
show that the entire taper of the stem at age 6 years was higher than that at age 
3 years.   
  
 
A                               Biging                     B 
A                                Kozak                      B 
A                               Lee et al.                 B 
Figure 5.3. The residuals plotting of the three models of (A 3 and B 6 years old 






Lee et al.  
Figure 5.5. The residuals plotting of the three models of (A for coppice and B 
for seedling stem origin) for Eucalypts trees.   
 
 Table 5.7. The taper ratio of Lee et al.’s taper function of the two ages and two 
stem origins for Eucalypts trees. 
Section 











3 0.74 1.02 0.59 0.85 
6 1.24 1.56 1.12 1.45 
Stem 
origin 
Coppice 1.11 1.40 0.98 1.33 
Seed 0.90 1.10 0.70 0.94 
 
The entire stem taper was also slightly higher for trees from the coppice than 
seed origin.  The middle section showed less taper ratio than the lower upper 
sections  
 
5.4. Discussion  
Based on the various criteria used in the study, the three taper functions 
adequately described the stem profiles of Eucalyptus camaldulensis trees and had 
small bias (<0.08 cm) in their predictions of diameters along the stems 
irrespective of the age or origin.  Overall, Kozak’s variable exponent taper 
equation fitted our data well. Previously, the equation has been shown to 
provide an adequate fit for several species (Huang, 1994; Muhairwe et al., 1994; 
Gal and Bella, 1994).  Gal and Bella (1994) also reported that the Kozak’s 
equation performed the best for 12 tree species in Saskatchewan.  The model of 
Lee et al. was the most fitting model, to describe the stem profile for the 
Eucalypts trees of the two ages and two stem origins.  
The results refer that the younger trees had less taper ratio than the older trees.  
This indicates that when the trees are younger they putt their growth efforts 
into height to achieve good crown positions for sunlight rather than on radial 
increment.  As the trees get older, they direct more growth toward the bottom 
of the stem; that is a possible reason why trees have a relatively uniform shape at 
early ages, which agree with the findings of Larson (1963, 1965) and Gray 
(1956).  These results are also in line with Newnham (1965), who reported that 
taper increases throughout the life of the tree as long as it remains in the 
dominant crown class but begins to decrease with age as the trees become 
dominated.   
The results also show that the trees which originated from the coppice had 
greater taper than those from the seed origin.  This indicates that the coppice 
stems of Eucalupts allocated more growth to the lower parts than the stems 
originating from seedlings for the studied ages.  This cannot be explained in 
light of differences in continued tree competition between the two origins.  
After felling the many shoots are produced on the stump and it can be 
postulated that they compete mainly for light during the first year of growth, 
after which the juvenile stems are usually reduced to two per stump.  After this 
early thinning, the tree allocates more growth to the area of attachment to the 
stump to increase anchoring and to the lower part of the stem to increase its 
resistance to wind stress.  This also could be a possible reason that the lower 
section of the coppice stem had more taper than the middle one.  The greater 
taper of the upper section compared to the middle section can be attributed to 
the fact that the upper section, which is located within the living crown, is 
usually more-conical (West 2004).  The taper of the different sections of the 
stem indicate that the stem had the common geometric shape, viz., neiloid, 
paraboloid and conoid shape for the lower, middle and upper stem parts, 
respectively.  The growth occurred unequally along the stem, resulting in 
different shapes at various points along the stem. 
 
5.5. Conclusion 
The models of Lee et al. (2003), Kozak (1988) and Biging (1984) were well-
fitting the taper data for the Eucalypts trees.  The mean bias was less than 0.08 
cm and stem tapering was strongly correlated with DBH and height of trees; 
which explain between 94% and 98% of the diameter values along the stems. 
The best model to describe the stem taper of Eucalypts trees was that of Lee et 
al., this model was the least biased and the most precise model, and it is easy to 
compute and use. 
Based on the stem profile using the Lee et al.’s function, the entire stem taper 
increased as the trees get older and in the trees originated from seed compared 
to coppice.   
 
 CHAPTER SIX 
GENERAL CONCLUSION AND RECOMMENDATIONS 
 
6.1. Conclusions  
Among the nine stem taper models evaluated in this study, the variable 
exponent models of Lee et al. (2003) and Kozak (1988) provide the best fit for 
eight hardwood species growing in Central Sudan; they have better precision 
and much less bias in diameter estimates compared to the other evaluated 
models.  The sigmoid models of Ormerod (1973) and Biging (1984) provided 
good estimates to obtain diameters to any desired upper stem height for Sunt 
and Eucalypts, respectively.  The segmented, polynomial model of Kozak et al. 
(1969) did not fit the data well for all species except for Eucalypts where it 
provides acceptable estimates of diameters. 
The models of Kozak (1988) and Lee et al. (2003) were competing models in 
describing the stem profile of Sunt trees whether of different ages or growing on 
different sites.  The model of Kozak was the most unbiased and most precise 
model in describing the stem profile while the model of Lee et al. is easier to 
apply.  The model of Ormerod (1973) overestimated the diameters of the 
middle segment and underestimated the diameters of lower and upper segment.  
As Sunt trees get older, the entire stem taper increases. The trees had 
comparable stem taper on the different sites.  
The models of Lee et al. (2003), Kozak (1988) and Biging (1984) were well-
fitting the taper data for the Eucalypts (Ban) trees irrespective of the stem origin 
or age.  The model of Lee et al. is the least biased and the most precise.  The 
stem taper increases with age and is larger in the trees from seed origin 
compared to coppice.   
6.2. Recommendations 
The objectives of this study were not to produce equations that will be widely 
used by practitioners but to select a modeling framework that is flexible enough 
to describe the stem profile of the trees.  Thus this study opens a new approach 
to estimating the diameters, consequently the volume for growth and yield and 
projecting future forest inventories.  These lead to recommend the following: 
Further research is needed on the chosen modes to evaluate their performance 
with various trees species including a myriad of tree characteristics (such as 
crown size and position, diameters of main branches), stand variables (such as 
age, site productivity and tree density), and silvicultural treatments (such as 
thinning, pruning and fertilization).  
Although some of the studied stem taper models did not have good fitting, 
some of them could be evaluated for other home-growing species.  
More investigation is required to compare the goodness of fit of the studied 
models with the other existing stem taper models.  
It should be noted that this system of stem taper equations was fitted to a small 
database from a specific geographic location. Thus, these functions should first 
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 APPENDIXES 
 
Appendix A: R package 
The explanations of the resulting figure of equivalence: 
LS line: black, solid line of best fit is added. 
Mean: a grey vertical bar indicates  x  and TOST confidence interval for 
intercept. 
b0. R.S: a shaded polygon is the region of similarity of the intercept, to test the 
model bias. 
Test b0: if the grey vertical bar is within the shaded polygon then reject the null 
hypothesis of dissimilarity, this is test of bias. 
1. if the region is too low then the predictions are too low. 
2. if the region is too high then the predictions are too high. 
3. if the region is too narrow then the predictions are too variable. 
b1. C.I:  a black vertical bar underneath the grey bar represents a confidence 
interval for the slope of the line of best fit. 
b1. R.S: two black dashed lines are added representing the region of similarity. 
Test b1: if the black bar is within the angle described by the dashed lines then 
the slope of the observed/predicted regression is significantly similar to 1. This 
is a test of proportionality. 
1. If the bar is too high then the slope is too high; the model over-predicts 
the higher observations and under-predicts the lower observations. 
2. If the bar is too low then the slope is too low; the model under-predicts 
the higher observations and over-predicts the lower observations 
(analogous to regression to the mean).  
3. If the region is too narrow then the predictions are too variable 
(Robinson 2005). 
 Figure A.1. Program interface of R package and procedure of equivalence test. 
 
Source of the R package program available on http://www.r-project.org  



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figures B.9. The residuals distribution of the model of Thomas and Paressole for the eight 
species. 
Appendix C: The estimated coefficients of nine models for the eight species. 














value Std value Std value Std value Std value Std value Std value Std value Std value Std 
b1 1.0697 0.0049 2.3235 0.1596 0.5881 0.3968 1.2432 0.0797 13.1594 0.8074 11.0487 0.6791 0.0508 0.0034 43.1632 0.6746 1.0796 0.0183 
b2 0.0455 0.0027 -3.0705 0.1270 1.2351 0.2448 0.9595 0.0168 0.0504 0.0199 0.0986 0.0195     1.7500 0.0366 0.2070 0.0115 
b3         0.9930 0.0057 -0.2195 0.1071 1.0220 0.0004 1.0205 0.0004     0.7518 0.2743 0.1886 0.0034 
b4         0.2064 0.7114 0.1444 0.1683 0.0302 0.0070 0.1965 0.0238     -2.7413 0.2822    
b5         -0.6230 1.1319 0.1005 0.0711 -0.0109 0.0029 -0.0207 0.0030            
b6         0.9099 1.3509     0.0000 0.0002 0.0007 0.0002            
b7         -0.1575 0.3439     -0.0020 0.0020 -0.1269 0.0175            
b8         -0.0032 0.0009     -0.0016 0.0006 -0.0139 0.0025            
b9                     -0.0048 0.0007            














value Std value Std value Std value Std value Std value Std value Std value Std value Std 
b1 1.3674 0.0197 -0.7668 0.0705 1.6426 0.4891 1.9376 0.1182 2.9689 0.2605 2.4384 0.2078 0.7525 0.0187 7.4296 0.2480 0.5425 0.0269 
b2 0.5145 0.0233 -0.3986 0.0568 0.8476 0.2854 0.7952 0.0274 -0.4777 0.0550 -0.3825 0.0523     2.2543 0.0453 0.3358 0.0183 
b3         0.9838 0.0359 0.6451 0.4222 1.2056 0.0074 1.1773 0.0077     -1.0772 0.3532 0.1568 0.0040 
b4         -1.7500 1.5717 -1.3517 0.5651 0.4843 0.0227 1.3861 0.1255     1.5202 0.4040    
b5         1.5125 2.7630 1.4390 0.1983 -0.0293 0.0106 -0.0577 0.0105            
b6         -1.8747 2.8283     -0.0443 0.0048 -0.0329 0.0047            
b7         1.0535 0.6202     0.0029 0.0040 -0.8930 0.1225            
b8         -0.1905 0.0765     -0.3016 0.0401 -0.0111 0.0042            


















value Std value Std value Std value Std value Std value Std value Std value Std value Std 
b1 1.1256 0.0066 1.8279 0.1441 1.6647 0.7373 1.6120 0.1375 7.6660 0.5890 6.4882 0.4999 0.1255 0.0061 37.0955 0.7821 0.9824 0.0224 
b2 0.0963 0.0047 -2.6697 0.1148 0.9034 0.1731 0.9005 0.0230 0.1855 0.0256 0.2309 0.0251     1.8375 0.0467 0.2180 0.0143 
b3         0.9978 0.0049 -0.1764 0.1912 1.0227 0.0006 1.0207 0.0007     0.5778 0.3484 0.1944 0.0041 
b4         -0.2497 1.0892 -0.0419 0.2964 0.0345 0.0121 0.2985 0.0438     -2.2085 0.3597    
b5         -0.2902 1.7504 0.3055 0.1230 -0.0169 0.0052 -0.0296 0.0053            
b6         0.3074 2.0599     0.0004 0.0004 0.0013 0.0004            
b7         0.1438 0.5178     -0.0003 0.0027 -0.2140 0.0343            
b8         -0.0087 0.0017     -0.0033 0.0011 -0.0141 0.0034            
b9                     -0.0090 0.0014            
 
  














value Std value Std value Std value Std value Std value Std value Std value Std value Std 
b1 1.2080 0.0079 1.6452 0.1425 0.7153 0.2624 0.9872 0.0648 9.1477 0.9714 8.0640 0.8687 0.1677 0.0062 21.8908 0.4033 0.9211 0.0215 
b2 0.1300 0.0043 -2.5689 0.1132 1.2829 0.1803 1.0666 0.0208 -0.0424 0.0466 0.0180 0.0476 1.8078 0.0415 0.2129 0.0134 
b3 0.9824 0.0085 -0.2748 0.1575 1.0450 0.0019 1.0414 0.0020 1.0498 0.3347 0.2185 0.0041 
b4 -0.2433 0.8517 -0.0360 0.2449 0.0414 0.0134 0.2261 0.0464 -2.7094 0.3649 
b5 -0.5516 1.3499 0.4186 0.1021 -0.0066 0.0062 -0.0105 0.0061 
b6 0.7639 1.6193 -0.0079 0.0009 -0.0073 0.0009 
b7 0.0938 0.4142 0.0286 0.0036 -0.1670 0.0402 
b8 -0.0183 0.0012 0.0095 0.0016 0.0224 0.0038 
b9 0.0063 0.0018 
 
 














value Std value Std value Std value Std value Std value Std value Std value Std value Std 
b1 1.1168 0.0058 2.1904 0.1536 1.7538 0.4037 1.3776 0.0628 5.4869 0.4643 4.3954 0.3438 0.0947 0.0038 27.6413 0.6037 1.0175 0.0208 
b2 0.0736 0.0032 -2.9740 0.1219 0.8456 0.0971 0.9353 0.0131 0.2346 0.0325 0.3148 0.0299     1.8671 0.0504 0.2035 0.0129 
b3         1.0013 0.0033 -0.2090 0.1266 1.0252 0.0011 1.0214 0.0010     -0.9115 0.3959 0.2017 0.0040 
b4         0.1171 0.7199 0.0916 0.1994 0.0769 0.0127 0.4206 0.0387     -0.9726 0.4321    
b5         -0.7516 1.1321 0.1769 0.0845 -0.0381 0.0059 -0.0476 0.0053            
b6         0.9682 1.3699     0.0004 0.0004 0.0014 0.0004            
b7         -0.0598 0.3540     -0.0062 0.0036 -0.2908 0.0314            
b8         -0.0116 0.0008     -0.0050 0.0011 -0.0240 0.0037            


















value Std value Std value Std value Std value Std value Std value Std value Std value Std 
b1 1.0803 0.0120 1.4241 0.1338 2.6518 0.9987 1.2419 0.1156 8.0431 0.7097 8.3601 0.7289 0.1723 0.0081 38.6144 1.3381 1.0615 0.0243 
b2 0.1074 0.0066 -2.2869 0.1074 0.6679 0.1497 0.9623 0.0248 0.1320 0.0333 0.1271 0.0327     1.8639 0.0572 0.2973 0.0163 
b3         1.0065 0.0044 -0.0636 0.2782 1.0265 0.0009 1.0260 0.0009     0.6962 0.3413 0.1460 0.0038 
b4         -0.0909 0.9441 -0.2501 0.4190 0.0466 0.0135 0.2523 0.0592     -1.5903 0.3359    
b5         -0.7007 1.6531 0.4304 0.1679 -0.0087 0.0043 -0.0058 0.0043            
b6         0.7072 1.7078     -0.0010 0.0004 -0.0013 0.0004            
b7         0.1039 0.3767     0.0034 0.0011 -0.2029 0.0569            
b8         -0.0187 0.0022     -0.0029 0.0012 0.0023 0.0011            
b9                     -0.0042 0.0012            
 
 














value Std value Std value Std value Std value Std value Std value Std value Std value Std 
b1 1.1688 0.0074 1.9579 0.1510 1.4015 0.5582 1.6509 0.0959 6.4095 0.3711 5.6599 0.3059 0.1337 0.0053 18.2694 0.3766 0.9516 0.0223 
b2 0.1023 0.0040 -2.8076 0.1196 0.9794 0.2060 0.8853 0.0192 0.0271 0.0260 0.0741 0.0240     1.8882 0.0468 0.1962 0.0137 
b3         0.9916 0.0108 -0.1032 0.1542 1.0490 0.0012 1.0453 0.0012     -0.7526 0.3893 0.2167 0.0043 
b4         -1.5643 0.9118 -0.1931 0.2424 0.0544 0.0089 0.2736 0.0272     -1.0885 0.4350    
b5         1.5368 1.4261 0.3898 0.1024 -0.0208 0.0043 -0.0305 0.0041            
b6         -2.1049 1.7380     -0.0026 0.0005 -0.0014 0.0005            
b7         0.8656 0.4524     0.0059 0.0024 -0.1813 0.0215            
b8         -0.0225 0.0018     -0.0016 0.0012 -0.0064 0.0026            
b9                     -0.0081 0.0013            














value Std value Std value Std value Std value Std value Std value Std value Std value Std 
b1 1.1846 0.0068 1.4992 0.1334 1.0603 0.3592 1.3891 0.0718 10.2080 1.4809 5.0055 0.6667 0.1690 0.0059 50.8931 1.0866 0.9019 0.0196 
b2 0.1330 0.0037 -2.4243 0.1063 1.0585 0.1166 0.9629 0.0128 0.1484 0.0446 0.3251 0.0395     1.9001 0.0475 0.2132 0.0124 
b3         0.9969 0.0023 -0.1053 0.1338 1.0156 0.0008 1.0110 0.0008     0.8115 0.3734 0.2092 0.0036 
b4         -1.0069 0.8940 -0.2954 0.2062 0.1177 0.0192 0.8450 0.0629     -2.5076 0.3890    
b5         0.5625 1.4296 0.5299 0.0849 -0.0543 0.0092 -0.1026 0.0086            
b6         -0.8819 1.6958     -0.0005 0.0004 0.0024 0.0004            
b7         0.5609 0.4288     -0.0005 0.0053 -0.5876 0.0492            
b8         -0.0068 0.0010     -0.0047 0.0016 -0.0478 0.0059            
b9                     -0.0185 0.0017            
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Appendix D: Estimated coefficients of the chosen models for Sunt. 


















b1 0.876 0.191 1.047 0.037 0.112 0.003 
b2 1.105 0.090 1.012 0.010 
b3 0.995 0.003 -0.196 0.104 
b4 -0.773 0.536 0.041 0.162 
b5 0.691 0.879 0.230 0.067 
b6 -0.704 1.005 
b7 0.346 0.246 
b8 -0.011 0.001 
20 
b1 7.953 3.680 0.989 0.059 0.166 0.004 
b2 0.098 0.216 1.029 0.018 
b3 1.034 0.010 0.080 0.136 
b4 -0.417 0.482 -0.492 0.204 
b5 -0.182 0.867 0.534 0.081 
b6 -0.055 0.859 
b7 0.317 0.180 
b8 -0.037 0.003 
24 
b1 2.241 1.338 0.913 0.064 0.178 0.004 
b2 0.762 0.214 1.046 0.018 
b3 1.003 0.005 -0.103 0.116 
b4 -0.856 0.364 -0.231 0.174 
b5 0.528 0.637 0.453 0.070 
b6 -0.670 0.661 
b7 0.445 0.146 





Table D.2. Estimated coefficients of the chosen models for Sunt  trees growing 

















b1 0.756 0.224 1.073 0.070 0.153 0.004 
b2 1.147 0.118 1.004 0.018 
b3 0.995 0.003 -0.283 0.119 
b4 -1.176 0.605 0.176 0.183 
b5 1.455 0.989 0.177 0.076 
b6 -1.495 1.136 
b7 0.486 0.279 
b8 -0.005 0.001 
Maiya 
b1 1.318 0.334 1.172 0.047 0.169 0.004 
b2 0.939 0.107 0.978 0.011 
b3 0.999 0.004 -0.126 0.135 
b4 -0.146 0.558 -0.153 0.203 
b5 -0.550 0.976 0.391 0.082 
b6 0.575 1.008 
b7 0.120 0.223 
b8 -0.020 0.001 
Kareb 
b1 0.177 0.095 0.971 0.062 0.155 0.003 
b2 1.764 0.222 1.037 0.018 
b3 0.974 0.007 -0.056 0.171 
b4 -0.248 0.781 -0.141 0.266 
b5 -0.099 1.278 0.278 0.111 
b6 0.129 1.463 
b7 0.138 0.359 












































Appendix E: Estimated coefficients of the chosen models for 
Eucalypts. 





Kozak (1988) Lee et al. (2003) Biging (1984) 
Estimate Std Error Estimate Std Error Estimate Std Error 
3 
b1 2.7537 0.4171 1.8227 0.0533 1.5056 0.0091 
b2 -0.0157 0.2017 0.8789 0.0157 0.5899 0.0116 
b3 1.1655 0.0409 1.7745 0.1691 
   
b4 -3.2413 0.7207 -3.2126 0.2293 
   
b5 3.5048 1.2392 2.2259 0.0817 
   
b6 -5.2671 1.3212 
       
b7 2.0771 0.3009 
       
b8 -0.0774 0.0287 
       
6 
b1 1.2743 0.1438 1.6235 0.0466 1.3693 0.00773 
b2 0.9584 0.0883 0.8957 0.0115 0.5613 0.0105 
b3 0.989 0.009 1.1226 0.1736 
   
b4 -2.202 0.6235 -2.0161 0.2277 
   
b5 2.518 1.1231 1.7185 0.078 
   
b6 -2.9777 1.1071 
       
b7 1.2287 0.2306 
       
b8 -0.0587 0.0205 








Table E.2. Estimated coefficients of the chosen models of two stem origins for 


























0.5802 0.1055 0.836 
0.0098
3 0.5465 0.0115 
b3 






0.9409 1.1488 1.6852 0.0841    
b6 
-1.692 1.1666    
b7 
0.9929 0.2535    
b8 
0.0114 0.033    
Seed  
b1 




0.8254 0.0565 0.8309 
0.0076








2.5168 0.2121    
b5 
3.5161 1.0806 1.9491 0.0735    
b6 




1.7028 0.2413        
b8 0.0015
4 0.0204        
 
 














Figure E.4. stem profile by using the three model for 6-years old Eucalypts 
trees. 
